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Resumo Geral

O objetivo principal deste trabalho foi realizar raconstrucdo das relacdes
filogenéticas das espécies do généreuterodon testando suas possiveis relacbes com
espécies de outros géneros de Characidae que possuearranjo similar de dentes do
dentario, como emi\styanax Jupiabae Myxiops Na analise filogenética foi utilizada uma
matriz previamente publicada e com o acréscimod&rons, totalizando 233 espécies de
Characidae. Vinte novos caracteres foram adiciohadesta matriz com o intuito de entender
as relacdes dos géneros e espécies de interessescoemais Characidae. Um total de 219
espécimes tiveram o DNA extraido e 4 genes foramplificados. Analises moleculares e
morfolégicas recuperaram um clado mais inclusivameado de Probolodini, composto pelos
génerosDeuterodon Probolodus Myxiops Hyphessobrycon luetkenispécies déstyanax
da regido costeira do Brasil e parte das espémedupiaba Deuterodoné redefinido
sustentado por 9 sinapomorfias e composto por &cesgpMyxiopsé outro género valido
sustentado por 22 autapomorfi@sobolodus heterostomuspresentou 10 autapomorfias na
analise, e que podem eventualmente representgrosimafias para o género apds a analise
das demais espéciesstyanaxé um género polifilético e as espéciesAdeyanaxda regiao
costeiras estdo mais estreitamente relacionadapexries de outros génerddrgbolodus
Deuterodone Myxiopg do que a espécie tipo do géneAstyanax mexicanuslupiaba
também é um género polifilético com espécies Bisidas em varios clados na arvore
filogenética.Deuterodon pedré mais relacionado/styanax pelecus a duas outras espécies
de caracideos néo descritos do que ao gébeuterodon Paralelamente, como uma etapa
necesséria a resolugcdo de alguns problemas taxoco®mnvolvendo as espécies trabalhadas
neste estudo, técnicas para recuperacdo de DN@oaadi espécimes coletados nos séculos
passados foram aprimoradas, tornando possivel racért e amplificacdo de DNA de
espécimes tipos. Através da aplicacdo destas &s;racidentidade deeuterodon pedrioi
esclarecida com a extragdo do DNA do lectétipo, o com a andlise morfologica
possibilitou o reconhecimento da espécie em mategaentemente coletado e sua
redescricdo. Outro resultado paralelo foi a destal® hol6tipo dd etragonopterus vittatus
em uma visita a colecdo do Muséum national d'Hestoaturelle de Paris, considerado como
desconhecido até entdo. O exame desse materiaitipeamrevalidacdo da espécie em

combinacdo nova, comdoenkhausia vittatasendo retirada da sinonimia destyanax
1



bimaulatus O uso de técnicas tradicionais tais como estigleotdgico e taxonomia em
conjunto com técnicas de biologia molecular pobs&bam o esclarecimento de relacbes

filogenéticas neste grupo complexo e a resolucatidielas taxondmicas histéricas.

Palavras chave: Characidae,Clado C, Dentes, Dentario, DNA antigo, Neotropical,

Sistematica, Taxonomia.

Abstract

The main objective of this work was to reconstrilne phylogenetic relationships of
the species of the geneeuterodon testing their possible relationships with speciesther
characid genera that have similar teeth arrangerasnhAstyanaxJupiaba,andMyxiops In
the phylogenetic analysis, a previously publisheatrix was used, with the addition of 49
taxa, totaling 233 Characidae species. Twenty neavacters were added to this matrix in
order to better understand the relationships ofjéreera and species of interest with the other
Characidae. A total of 219 specimens had the DN#aeted and 4 genes were amplified.
Molecular and morphological analyzes recoveredrgelaclade named Probolodini which is
composed by the genelbreuterodonProbolodus Myxiops Hyphessobrycon luetkerand by
species ofAstyanaxfrom the coastal region of Brazil and some speméslupiaba
Deuterodonis redefined based on nine synapomorphies and @sedpof seven species.
Myxiopsis another valid genus supported by 22 autaponmespRrobolodusheterostomus
showed 10 autapomorphies that may constitute synapahies for the genus if proved to
occur in the remaining specigsstyanaxis polyphyletic and most of thstyanaxspecies of
the Atlantic coastal Rivers are more closely relate other genera than tAstyanax
mexicanusthe type species of the gendapiabais also a polyphyletic genus with species
distributed in several clades in the phylogenete.tDeuterodon pedris more related to
Astyanax pelecusand to two other undescribed characid species tioarthe genus
Deuterodon In parallel, as a necessary step to solve sormadenic problems involving the
species in this study, techniques for recoveringeart DNA from specimens collected in the
past centuries have been improved, making pos#iblextraction and amplification of DNA
from type specimens of taxonomically complex speca Characidae. Through the
application of these techniques, the identitypeluiterodon pedrivas clarified with the aid of

the DNA of the lectotype, which together with theonphological analysis allowed the
2



recognition of the species in recently collectedenal and consequently its redescription.
Another parallel result was the discovery of théotype of Tetragonopterus vittatus a visit

to the collection of the Muséum national d'Histauaurelle in Paris, considered as unknown
until then. The examination of this specimen alldwe revalidation of the species in a new
combination asMoenkhausia vittataemoving from the synonym dAstanax bimaculatus

The use of traditional techniques such as ostemdbgitudies in conjunction with techniques
of molecular biology allowed the clarification ofiglogenetic relationships in these complex

groups and the resolution of historical taxonomabems as exemplified in this study.

Key words: Ancient DNA, CharacidaeClade C,Dentary, Teeth, Neotropical, Systematics,

Taxonomy.



Introducéo Geral

Os peixes sao 0 maior grupo de vertebrados do mwodo aproximadamente 33.200
espécies descritas (Froese & Pauly, 2015). E ndadgeotropical que esta concentrada a
maior riqueza da ictiofauna de agua doce do mucamo, uma estimativa entre 7.000 e 8.000
espécies (Schaefer, 1998; Albert, Reis, 2011). leed Teledsteos, uma das trés infraclasses
de Actinopterygii, esta a superordem Ostariophys compreende 77% de todas as espécies
de peixes de agua doce (Albert, Reis, 2011). CHaraes é uma das mais diversas ordens
de Ostariophysi, com mais de 2.100 espécies das¢Eschemeyer, Fong, 2017), distribuidas
nas Américas do Norte, Central, do Sul e na Aframan a maior diversidade de espécies
concentrada na regido Neotropical (Nelson, 2006).

Characidae é a maior familia da ordem Characiformt@angendo 52% das espécies
(Eschemeyer, Fong, 2017), as quais possuem umadelediversidade de formas, sendo
constituida por géneros de espécies diminutasgeathele porte (Nelson, 2006). Nos ultimos
dez anos, Characidae foi a familia da ordem comammmumero de espécies descritas
(Oliveiraet al, 2011), no entanto permanece sendo a familiaogoal com mais problemas
taxondmicos. As relacdes filogenéticas entre asasubas e géneros que compdem esta
familia permanecem incompreendidas e muitos dosrgémao sdo monofiléticos (Mirande,
2010; Oliveiraet al, 2011).

Oitenta e oito géneros de Characidae representpdns620 espécies das 945
reconhecidas até aquele momento foram considepaidsmaet al (2003) como Ihcertae
sedi$ em 2003, por ndo possuirem posicao filogenétara lestabelecida dentro da familia.
Apés este periodo alguns estudos morfolégicos (déaksm, Weitzman, 2003; Mirande, 2009,
2010) e moleculares (Calcagnotbal, 2005; Javonilleet al, 2010; Oliveiraet al, 2011)
foram realizados e contribuiram para um maior esclmento das relagcbes filogenéticas
entre as espécies de Characidae. Por exemplo, m@iandestes trabalhos as mesmas
hipéteses de monofiletismo e relacdo entre alg@émergs da familia € encontrada (e.g.,
Javonilloet al, 2010; Malabarba, Weitzman, 2003; Mirande, 20Q{yeira et al, 2011;
Thomazet al, 2015a), o que fez com que a maior parte dos génamtes considerados
“Incertae sedis'fossem posicionados filogeneticamente. Trés clatkisres sdo recuperados
pela maior parte destes estudos filogenéticos e@dwecidos por clados A (Stevardiinae), B

e C. Dentre estes trés clados o clado C é o ntaisem espécies (Eschemeyer Fong, 2017) e
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também o de relacdes menos compreendidas, umaieez composto por géneros tais como
HyphessobrycorDurbin, 1908,MoenkhausiaeEigenmann 1903HemigrammusGill 1858,
Jupiaba Zanata 1997 eAstyanaxBaird & Girard 1854 todos polifiléticos em estudos
filogenéticos (Mirande, 2010; Oliveiet al, 2011).

DeuterodonEigenmann 1907, pertence ao Clado C. Foi propestdEigenmann em
1907 inicialmente devido ao arranjo de dentes datad®, decrescendo suavemente no
dentario. Lucena, Lucena (2002) redefiniram o g@énewvamente baseados na denticao,
restringindo-o a sete espécies validas endémicabataas costeiras do Atlantidd.[iguape
EigenmannD. langei TravassosD. longirostris (Steindachner)D. rosae(Steindachner)D.
singularis Lucena & LucenabD. stigmaturus(Gomes), and. supparisLucena & Lucena].
As outras 3 espécieB. parahybaeEigenmann 1908D. pedri Eigenmann 1908 .
potaroensisEigenmann 1909 foram consideradas camecertae sedigm Characidae por n&o
possuirem as 3 sinapomorfias propostas por Lucendu&ena (2002) para definir
Deuterodon

Apesar de Lucena & Lucena (2002) terem propostmafinicdo ddeuterodon esta
nao foi baseada em um estudo filogenético. Nenhaimaltho feito até o momento, tanto
molecular guanto morfoldgico, considerou todas sseies déeuterodonou foi realizado
com o intuito de compreender as relacdes dentrgédero e com 0s géneros relacionados a
este. Coutinho-Sanches, Dergam (2015) em um esshi® a citogenética deeuterodon
pedri, fizeram um teste filogenético com 4 espéciesDdaterodon(2 delas alocadas em
Incertae sedise Astyanaxdas bacias costeiras do leste do Brasil utilizadwle genes. Esses
autores encontraranDeuterodon como ndo monofilético e estreitamente relacionado
espécies déstyanaxendémicas do leste do Brasil. Mirande (2010) elmoanuma estreita
relacdo entr®euterodon iguape Deuterodon langecom duas espécies depiabae prediz
gue possivelmente o géneMyxiops Zanata & Akama 2004 possa estar estreitamente
relacionado a este clado, uma vez que compartiin@as/ caracteristicas com esses outros
géneros (Mirande, 2010). Oliveied al. (2011) encontrarar@euterodon iguapeelacionado a
Probolodus heterostomeMyxiops aphos

Myxiops€ um género monotipico endémico de uma drenagesuinda Bahia. Foi
descrito por Zanata & Akama (2004) principalmen&oparranjo especial dos 0ssos

infraorbitais. Nesse género os dentes do dent@&toedcem gradualmente e Mirande (2010)
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considerou que esse género esteja possivelmemtdorsddo aDeuterodondevido a esta
caracteristica.

Probolodustambém €& um género endémico de drenagens cogsteilaste do Brasil.
Composto por 3 espécies (Santos,Castro, 2014)nher@géossui um arranjo especial dos
dentes relacionado ao seu habito lepidéfago (Sazifiér). Alguns autores (Roberts, 1970;
Géry, 1977; 1980; Mirande, 2010) hipotetizaram umlacao estreita dBroboloduscom
Tetragonopterinae (composto até entdo por génemm® Deuterodone Astyana) Sazima
(1983) considera que essa estreita relacdo é nenpessivel e que o habito de ingerir
escamas (enProbolodu$ dentro de Tetragonopterinae pode ter evoluidaddea um
comportamento agressivo em um ances#atyanaxike” que utilizava espécies de géneros
sintopicos Deuterodon e Astyanax como potenciais presas. Contudo Sazima (1983)
considera que é importante um teste filogenética panfirmacdo da estreita relacdo entre
esses géneros cdamobolodis e para testar tal afirmacéo.

JupiabaZanata 1997 é outro género do clado C de Chaecioia algumas espécies
gue apresentam os dentes do dentario decresceadaagnente. Trés das espécies que
compdem esse género foram originalmente descrta@exterodon(Jupiabaacanthogaster
(Eigenmann 1911)Jupiaba pinnatgEigenmann 1909) dupiaba minofTravassos 1964)). O
género foi descrito por Zanata (1997) com o intdioagrupar espécies de Characidae que
apresentam o espinho pélvico alongado, projetaadodysndo para fora do corpo (Zanata,
1997). Dentro desse género existe uma ampla variag&rranjo dos dentes do dentério e
padrdo de coloracdo (Benietal, 2017). Em um estudo molecular e morfologico, Beet
al. (2017) sugererdupiabacomo polifilético.

O génercAstyanaxpossui a maior riqueza de espécie$ @Gtado C” com cerca de 147
espécies validas (Eschemewtral, 2016), registradas desde o sul dos Estados Unigos
norte da Argentina (Eigenmann, 1921).gfande similaridade de formas entre as espécies
deste género, muitas das vezes detectaveis soemnéstudos osteoldgicos, torna dificil a
definicdo de caracteres diagnosticos para recomeatd de espécies (Melo, 2000). Varias
mudancas taxondmicas envolvendo espéciessti|naxtém ocorrido nos ultimos anos; por
exemplo, a sinonimiza¢do do género monotiftsalidodonEigenmann 1911 erAstyanax
(Pavanelli, Oliveira, 2009), a revalidacdo Astyanax jordanilHubbs & Innes 1936) por

muito tempo considerada sinbnima destyanax mexicanugde Filippi 1853) e o

6



reconhecimento dAstyanax aeneu$unther 1860) anteriormente considerada sinéniena d
Astyanax fasciatu@Cuvier 1819) (Nelson, 2006). Todas estas mudadeasnstram que 0S
limites entre as espécies Astyanaxnao sao bem determinados e que estudos taxondenicos
filogenéticos no género sdo necessarios.

Dentre as 147 espécies validasAdgyanax 14 espéciesAstyanax taeniatudenyns
1842, Astyanax jenynsii(Steindachner 1877)Astyanax bahiensigSteindachner 1877),
Astyanaxgiton Eigenmann 1908Astyanax intermediugkigenmann 1908Astyanax ribeirae
Eigenmann 1911Astyanax hastatusleyers 1921Astyanax pelecuBertaco & Lucena 2006,
Astyanax microschemoBertaco & Lucena 2006Astyanax endyMirande, Aguilera &
Azpelicueta 2006Astyanax pukaMirande, Aguilera & Azpelicueta 200Astyanax burgerai
Zanata & Camelier 200#styanax jacobinaganata & Camelier 2008, &styanax hamatilis
Camelier & Zanata 2014) possuem um arranjo dosededd dentario caracterizado pela
presenca de 4, 5 ou 6 dentes maiores seguidos datemmediario em tamanho antes dos
diminutos, de forma que estes ganham a impressabndeuir gradualmente em tamanho
guando comparadas as demais espéciessti@nax Algumas destas espécies Algtyanax
sdo reconhecidas apenas por exemplares-tiposendo sofrido revisdo nos ultimos séculos
ou foram revisadas sem uma avaliacdo abrangerdecaade distribuicdce(g. Melo, 2001).
Algumas outras comd etragonopterus vittatueem ao menos possuiam o exemplar tipo
reconhecido (Eschemeyeat al, 2015). Todas essas espécies sdo endémicas des baci
costeiras no leste do Brasil, excétetyanax endy Astyanax pukaque sdo endémicas de
drenagens na Argentina (Miraneteal, 2007).

As bacias costeiras localizadas no leste do Brasilecaram a ser formadas logo apés
a quebra da Gondwana, durante o Cretaceo. Estaagémes sdo limitadas ao oeste pelo
complexo do Espinhaco, que as isola das baciaseatdis presentes no escudo Cristalino
Brasileiro (Ribeiro, 2006). Estas bacias costeis@® consideradas distintas unidades
biogeograficas (Vari, 1988; Weitzmagt al, 1988; Bizerril, 1994; Buckup, 2011) e a
presenca de um elevado numero de espécies e gémiémicos compartilhados entre
sistemas de drenagens hoje isolados, dentro destésdes biogeograficas, € explicado pela
recente historia paleohidrogréfica (Thometzal. 2015b).

DNA historico ou antigo (aDNA) é aquele DNA isolade amostras ancias tais como

subfésseis, mumias e espécimes de museus coletasiegculos passados. Além destes, todo
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tipo de DNA proveniente de amostras antigas (p.espécimes de museu) que nao foram
especificamente fixadas para estudos moleculares der considerado DNA antigo. O
primeiro registro do uso de aDNA deu-se em 1984 adimalidade de recuperacdo do DNA
de um exemplar d&quus quaggauma subespécie extinta de zebra da planicie a#ica
(Higuchiet al, 1984). O espécime estava tombado ha pelo meribarids em um museu. O
DNA extraido desse espécime ajudou ndo apenas teamileacdo do posicionamento
filogenético dessa subespécie, mas permitiu o gesamento de um projeto de reproducéo e
cruzamento com posterior reintroducdo dos Quaggam ambiente natural
(http://www.quaggaproject.com/quagga-dna-results) ht

O uso de aDNA tem sido muito Util na resolucéo ddblemas taxonémicos, quando
0S espécimes tipo ndo tem mais as caracteristi@mpermitem a sua correta identificacdo
apenas através de morfologia. Espécimes tipo de daium século estdo frequentemente
envolvidos em davidas nomenclaturais e ambiguidga@sndo possuirem na maioria das
vezes 0s caracteres diagnosticos que permitiriamidemtificacdo acurad&éppelliniet al.,
2013).

Este tipo de estudo tem se tornado cada vez mdismddio devido ao
desenvolvimento de novas técnicas em biologia mtdectais como 0s sequenciamentos de
nova geracao (Linderholm, 2016). Técnicas trade®oomo metodologia de Sanger (Sanger
& Coulson, 1975), amplamente utilizada nos primdsdio aDNA, tem sido menos utilizadas,
principalmente devido a natureza fragmentada dépte de amostra. A metodologia
tradicional de sequenciamento de Sanger, no entaotdinua sendo a mais acessivel para
muitos grupos de pesquisa. Adicionalmente, estaodokigia fornece informacfes que
possibilitam a comparagcdo com um maior nimero dent cujas sequéncias ja estao
disponiveis no GenBank ou Bold (barcode).

Considerando que muitas espécies de taxonomiagmdtica foram descritas nos
séculos passados, o desenvolvimento de técnioadmedo e amplificacdo de aDNA permite
estabelecer o “Genetype” para espécies descritagédudos, possibilitando assim a resolucao
rapida e definitiva de varias questdes taxonbmiciwgenéticas (especialmente espécies da
familia Characidae pertencentes ao Clado C).

De acordo com Weitzman, Malabarba (1998) o arralgodentes pode ser mais
informativo em analises filogenéticas do que sdimero de dentes em cada parte do aparato
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bucal. De acordo com estes autores, consideraaapgmmeros de dentes pode acarretar em
uma organizacao caotica das relacdes filogenéticatdliza-los por si s6 para classificacao
pode culminar no estabelecimento de grupos paidds.

A andlise conjunta de caracteres morfoldgicos e catres moleculares,
considerando a distribuicdo geogréafica de espéxigéneros que compdem o Clado C de
Characidae bem como as caracteristicas comunsnpFesgesses géneros pode ser a chave
para o entendimento dos processos evolutivos qo&ilmoiram para a diversificacdo dos
mesmos.

Assim, o principal objetivo deste estudo foi fazereconstrucdo filogenética das
espécies do génerDeuterodon testando suas possiveis relacbes com espéciesitiaes
géneros de Characidae que possuem um arranjo tesdkendentario similar, comfsstyanax

Jupiabae Myxiops Para isso, este estudo foi dividido em 5 captulo

- O primeiro capitulo trata da apresentacdo dgdihta obtida a partir da analise integrada de
caracteres morfoldégicos e moleculares no estudorelagsdes entre espécies dos géneros

AstyanaxJupiabg DeuterodonMyxiopse Probolodus

- O segundo capitulo traz a redefinicdo do gémmoterodone apresenta as sinapomorfias
que definem o género. Também é apresentada umassigr considerando a distribuicéo

geografica das espécies que compde o géheuterodorsensu stricto

- O terceiro capitulo trata da redescoberta datidksie deDeuterodon pedriatravés da
recuperacdo do DNA antigo do lectétipo e da redgiarda espécie com base em material

recentemente coletado.

- O quarto capitulo discute a metodologia que piurairecuperacédo do DNA do lectotipo de

D. pedri apresentando também mais alguns exemplos dessusmsespécies de Characidae.

- O quinto e ultimo capitulo trata da redescobeadolotipo delTetragonopterus vittatus da
discussédo de sua identidade e que somente foivpbsgfavés das visitas realizadas em

museus para reconhecimento das espécies costei@adb C.
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Reassessment of Probolodini: an expected tribe oh@racidae (Actinopterygii:
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Reassessment of Probolodini: an expected tribe oh@racidae (Actinopterygii:

Characiformes)

Priscilla C. Silva, Vinicius de Araujo Bertaco amgiz R. Malabarba

Departamento de Zoologia and Programa de Po6s-Gyaduam Biologia Animal,
Universidade Federal do Rio Grande do Sul, Av. Bgabncalves 9500, 91.501-970 Porto
Alegre, RS, Brazil. (PCS) pricarola@gmail.com (esponding author), (VAB)
vbertaco@gmail.com, (LRM) malabarb@ufrgs.br

Abstract

Characidae is one of most diverse fish familiethef Neotropical region. In the last decades,
some phylogenetic studies tried to solve the m@tatiip among the genera included in this
family. In most of them, 3 clades are recovereddet A, B and C. Clade C is the most rich-
species and complex because it includes polypkylgtnera. In this clade, some species
belonging to the genersstyanaxDeuterodonJupiaba,andMyxiopsshare a peculiar feature:
a special arrangement of gradually decreasing derteeth. To test if this feature is
homolougous or evolved independently in these taw&a decide to investigate the
phylogenetic relationship of these genera insideCbaracidae family. Two hundred and
nineteen specimens were extracted and 4 genesawwidied. Species of these genera were
all included on a morphological matrix totalizin@3 specimens of Characidae and 412
characters. Both molecular and morphological aeslyecovered a major clade named here
as Probolodini with high statistical support. Tlymapomorphies that support this clade are
not exclusively related to dentition. This clademnposed bystyanaxspecies from coastal
drainages with gradually decreasing dentary tddyiphessobrycon luetkenldupiabaspecies
with gradually decreasing dentary teetflyxiops aphos Probolodus heterostomusall
Deuterodon stricto sensispecies, Deuterodon pedriand two undescribed taxa. The
synapomorphies that define this major clade aneh fath other valid genera are presented and

discussed. Evolutionary patterns and biogeogragépects are also highlighted.
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Keywords: Deuterodon coastal drainages, clade C, phylogeny, parsimony.

Resumo

Characidae é uma das familias de peixes neotrepicem a maior diversidade de espécies.
Nas ultimas décadas, alguns trabalhos filogenétfoomm realizados com o intuito de
solucionar as relacdes filogenéticas dentre osrgéropie compde essa familia. Na maioria
destes trabalhos trés clados sdo sempre recupei@idaws A, B e C. Clado C € o mais
especioso dos trés clados e também o mais complexa,vez que é composto por varios
géneros polifiléticos. Neste clado algumas espépiEdencentes aos génerdstyanax
Deuterodon Jupiaba e Myxiops compartilham ndo sO6, mas também uma caracteristica
peculiar: uma organizacdo especial dos dentes wi@rie que dédo a impressédo de que estes
decrescem gradualmente. Para testar se esta citazdeevoluiu de maneira independente
em cada género ou se é uma sinapomorfia que ugeiegs que compartilham esse estado,
as relacdes filogenéticas dos espécimes desseogé&ne possuem tal caracteristica foram
investigadas dentro da familia Characidae. Pata aNA foi extraido de 219 espécimes e 4
genes foram amplificados. Espécies desses gérmars também incluidas em uma matriz
totalizando 233 taxons e 412 caracteres morfoldgidambas as analises moleculares e
morfolégica recuperaram um grande clado, nomeada dg Tribo Probolodini. As
sinapomorfias que sustentam essa unidade ndo slieamente relacionadas a denticéo.
Este clado é composto por 11 espécieAstganaxdas drenagens costeiras do leste do Brasil
gue possuem o dentario com dentes decrescendoagremhie, Hyphessobrycon luetkenii
espécies deJupiaba com dentes do dentario decrescendo gradualmdhieiops aphos
Probolodus heterostomutodas as espécies Beuterodon stricto sensDeuterodon pedre
duas espécies nao descritas. As sinapomorfias @fieeoth esse grande clado e as
sinapomorfias que definem cada género que o congdde apresentadas e discutidas.

Aspectos evolutivos e padrdes biogeograficos sa@mdados.

Palavras-chave:Deuterodonclado C, drenagens costeiras, filogenia, parciaaon

Running head: The Probolodini
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Introduction

The Neotropical region has the richest freshwégdr fauna in the world with an
estimative between 7.000 (Albert, Reis, 2011; Reial. 2016) and 8000 species (Schaefer,
1998) that represents 10% of all vertebrate spe@fesi, Malabarba, 1998). Most of the
Neotropical freshwater ecosystems are dominatedogigriophisan fish (Characiformes,
Siluriformes and Gymnotiformes) that represents t%ill fish species (Albert, Reis, 2011).
Characiformes is one of most diverse orders witb024pecies and Characidae is the most
diversified family of this order with approximatelyl 00 species (Eschemeyer, Fong, 2017).

Characidae is also the most problematic grouglénsef the Characiformes (Oliveira
et al, 2011) with a considerable hundred genera andiep@ointed asncertae sedidy
Lima et al. (2003). Some recent morphological (Malabarba, ¥egtn, 2003; Mirande, 2009,
2010) and molecular studies (Calcagnattal, 2005; Javonillet al, 2010; Oliveiraet al,
2011) have contributed to better understand tlaiosiship of the genera inside of this family
once congruence of monofiletism has been recovergd Javonillet al, 2010; Malabarba,
Weitzman, 2003; Mirande, 2010; Oliveied al, 2011; Thomazt al, 2015). These studies
have placed genera considered beformeartae sedign valid subfamilies.

Three major clades are always recovered in chéatylogenies: Clade A, clade B
and clade C (Javonillet al, 2010; Mirande, 2010; Oliveirat al.,2011).The largest advance
in the knowledge of the relationships inside o§tfamily was the establishment of the clade
A by Malabarba, Weitzman (2003). This clade encmsspa characids that share 2
unbranched rays plus 8 branched rays in dorsarithfour teeth in the internal tooth series of
the premaxilla (Malabarba, Weitzman, 2003). CladenBludes Tetragonopterinagensu
stricto (only Tetragonopterus Cheirodontinae, Aphyocharacinae, ParagoniatiGaayacinae
and Aphyoditeinae.

Among these 3 major clades, the clade C is the speies-rich (Eschmeyer, Fong,
2010). This clade has very complicated relationstiige it is composed by genera as
HyphessobrycorDurbin, 1908,MoenkhausiaeEigenmann 1903HemigrammusGill 1858,
JupiabaZanata 1997 andstyanaxBaird & Girard 1854 which have been characteriasd
polyphyletic in phylogenetic studies (Mirande, 20XDliveira et al., 2011). Species and
genera belonging to this clade have been class#gedristellinaeg.g. Eschemeyeet al.

2017).
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Astyanaxs the most diverse genus of clade C with 147 vgidcies (Eschmeyet
al., 2016). From all know validstyanaxspecies, a small group composed by 14 species has
an interesting arrangement of dentary teeth: detrgagradually, with 4, 5, 6 or 7 teeth
followed by one tooth with intermediary size folled by small ones. AlAstyanaxspecies
that presents this characteristic are endemic tl@reastern coastal drainages in Brazil, with
the exception oAstyanax endiirandeet al, 2006 (Mirandeet al, 2006) andAstyanax puka
Mirandeet al, 2007, both endemic from Argentina (Miraneteal, 2007).

This particular arrangement of teeth allowed Emgann (1907) to describe the genus
DeuterodonEigenmann ,1907 defined as having two seriesathte premaxilla and dentary
teeth gradually decreasingin size. Later, the gebesterodonwas redefined and other
synapomorphies were proposed to recognize it (Laicencena, 2002). In the redefinition,
only seven species were kept@suterodon(e.g. Lucena, Lucena, 2002), all endemic from
coastal south and southeastern drainages of Btaména, Lucena, 1992).

Curiously some of théAstyanaxspecies described by Eigenmann from coastal
drainages present the same characters used byohuefine Deuterodon but he did not
include these in that genus.§ Astyanax ribeiraeEigenmann 1911 andstyanax giton
Eigenmann 1908). Eigenmann (1908) also made consntbat some species from coastal
drainages are similar tbeuterodonas Astyanax taeniatudenyns, 1842, and suggested that
this species might be closely related®@uterodonspecies.

JupiabaZanata 1997 is another member of the C cladesane of its species also
have dentary teeth that gradually decrease in 3uggabawas described by Zanata (1997) to
assemble species of Characidae with an elongatkdc mpine. The genus has a great
morphological variation mainly in dentary teeth.n®» of the Jupiaba species where
originally described a®euterodon(e.g. Deuterodon acanthogastdtigenmann, 1911) or
Astyanaxbut none of them are endemic or distributed iazBian eastern coastal drainages.

So far, hypothesized phylogenetic relationship®efiterodonwith other characids
have been based on the analysis with few specieante (2010) found a closely relationship
between two species @euterodonand two species afupiaba A close relationship was
hypothesized betweebBeuterodon iguapend Deuterodon langeand Myxiops Zanata &
Akama 2004, a monotypic genus endemic from Bahibadso having dentary teeth gradually
decreasing(Oliveirat al, 2011). Coutinho-Sanches, Dergam (2015) demoedd&iterodon
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iguape, Deuterodon supparis, Deuterodon parahydradDeuterodon pedras closely related
with someAstyanaxspecies endemic from eastern coastal drainageslatier studies were
based only on molecular data and none of them haepresentative sampling of the species
of DeuterodonAstyanaxor Jupiaba

Considering the presence of a shared peculialactearamong the species of these
complex and polyphyletic genera, the main goal lo§ work is to test the relationship
between these species. Morphological and molecd&ia were used for a better
understanding of how this special tooth arrangeraealved in Characidae and wheter it is a
synapomorphy within the clade C.

Material and Methods

The ingroup used to test the relationships of gsediom clade C with dentary
gradually decreasing includes all the specie®efiterodonsensu strictolLucena, Lucena
2002, Silvaet al. 2017:D. iguape D. langei, D. longirostrisD. rosae, D. singularisD.
supparis and D. stigmaturus D. pedri, D. potaroensiy species of the genefdyxiops
Probolodus and Jupiaba previously hypothesized as related Weuterodon and
representative species Astyanaxand Hyphessobrycofrom coastal Atlantic drainages. All
ingroup species are included in the morphological@r molecular analyses, but not all were

available for both analyses (Supporting informafi@ble S1 and S2).

Morphological analysis

Osteological preparations were carried out follgyiraylor & Van Dyke (1985). The
extended matrix of Mirandet al. (2013) was used, excluding 53 taxa (specfdSreagrutus
and Paleotetrg that were not codified by several characters.rfyonine taxa Astyanax
bahiensis A. brachypterygiumA. cremnobatesA. dissensusA. douradilhg A. fasciatus A.
aff. fasciatus A. giton, A. goyanensisA. hastatusA. aff. hastatusA. henselj A. intermedius
A. jenynsii A. jequitinhonhagA. lacustrig A. laticeps A. aff. microschemasA. pelecus A.
procerus A. ribeirae, A. scabripinnis A. taeniatusA. xiru, Astyanaxsp. A, Astyanaxsp. B,
Astyanaxsp. C, characidae sp. 1, characidae s@&yterodon pedri, D. potaroensis, D.
rosae, D. singularisD. stigmaturusD. supparis, D. longirostrisHyphessobrycon luetkenii

Jupiaba abramoidesJ. acanthogasterJ. anteroides J. asymmetricaJ. cf. atypindi J.
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essequibensis]. ocellata J. pinnata J. poekoterpJ. polylepis J. potaroensis Myxiops
aphog and twenty new characters were added on thexratviously published by Mirande
et al (2013), resulting in 412 characters and 233 {&uoporting information S3 — character
matrix). The new characters were codded in all iggedisted above plus 29 taxa
representative of the Characidae that were alreadsilable in the original matrix
(Aphyocharax anisitsi Astyanax mexicanusBryconamericus agna Bryconops affinis
Charax stenopteryCheirodon interruptusCoptobrycon bilineatysCyanocharax alburnus,
Diapoma speculiferum, Hasemania nanaHemigrammus bleheri Hollandichthys
multifasciatus Hyphessobrycon elachyslyphessobrycon herbertaxelrodiyphessobrycon
socolofi Jupiaba mucronataJupiaba scologasterMarkiana nigripinnis Mimagoniates
rheocharis Moenkhausia dichroura Moenkhausia sanctaefilomenaeNematocharax
venustus Odontostilbe paraguayensisOdontostilbe pequira Paracheirodon axelrodli
Phenagoniates macrolepisPrionobrama paraguayensis Pseudocorynopoma doriae
Xenagoniates bongdi Although these additional characters are asdigrge missing data in
remaining taxa of the original matrix, it shouldth@ considered problematic. Dillman al.
(2015) tested the missing data power on morphadbgioper matrix and conclude that even
with more than 60% of missing data is possible gconstruct well supported and highly
resolved hypotheses of relationship using parsimanglysis. Additionally, Prevosti &
Chemisquy (2010) concluded that the inclusion ofeancharacters could make the matrices
more robust, indicating that the problem is mamnliack of information, not just the presence
of missing datger se

The characters 5, 64, 73, 96, 190, 265, 342 and(BWande 2010; Mirandet al.
2013) were modified and are commented on Resuits.cbdification of all characters were
checked in species @feuterodonandProbolodusavailable in the marix of Mirande (2010)
and Mirandeet al.(2013), and the differences found are describeResults.

The Parsimony analyses were performed followingnie¢hods described by Henning
(1966) and developed by Farris (e.g. 1969, 1978319The analyses were carried out with
equal weighting (Goloboff 1983) on software TNTsien 1.1 (Goloboffet al. 2003, 2008).
Heuristic searches were conducted using the nedmdogy search options: sectorial search,
ratchet, tree drifting and tree fusing as defawith the search of minimum length up to 30

times. Trees were collapsed after search. Muléstharacters were considered as unordered.
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Supported measures were calculated by consensegjuzl weighting analysis. Implied
weighting was also carried out on software TNT mersl.1 (Goloboffet al. 2003, 2008).
Twenty one k values were considered and analysigedaout as detailed in Mirande (2009,
2010) excepted for the use of a different script ifoplied weighting (S4). Multistate
characters were considered as unordered. Supporadures were calculated by consensus
of equal weighting analysis and for k = 20 undeplied weighting. For more details about k
chosen, see Mirande (2009).Those measures areveelegquencies, GC values as support
measures (Golobofét al. 2003) and relative Bremer support (Bremer 1994;06aff &
Farris 2001). The consensus tree, charactersadtateges and distribution, consistence index,
retention index and Bremer support were carried algb by TNT. Consensus tree and
character distribution were checked using WinChaglgion 1.00.08 (Nixon 2002).

Molecular phylogenetic analysiSissue samples of 240 specimens of the geAstganax
Deuterodon Jupiabg Myxiops Probolodusand Serrapinnudixed in 96% ethanol from the
fish collection of the Departamento de Zoologiajudrsidade Federal do Rio Grande do Sul
(UFRGS) were used in DNA extraction (Table S2). ialblecular analyses were rooted with
Serrapinnus heterodoas an outgroup. The DNA was extracted from giirfients, muscle,
or liver tissue of the samples, with “Phire AnimEbksue Direct PCR Kit” developed by
Thermo ScientificRand followed manufacturer’s instructions.

Two mitochondrial genes were amplified: cytochrooxélase ¢ subunit 1COI) with
primers cocktail FishF1tl and FishR1t1 (lvanetal 2007) and th&lADH dehydrogenase 2
(ND2) with primers L5216 and H6313 (Sorensatnal 1999). Two nuclear genes were also
amplified. The nuclear alpha-myosin BIYH6) gene was amplified with nested-PCR using
primers F459 and R1325%(PCR) and F507 and R1322'{PCR) (Liet al.2007). The SH3
and PX3 domain-containing 3 like proteiBH3PX3 gene was also amplified with nested-
PCR using primers F461 and R1303' BCR) and F532 and R1299"{PCR) (Li et al.
2007).

The PCR reactions for all genes were carried oat rieaction volume of 20 pL [10.3
pL of H20, 2 pL of 10x reaction buffer (Platinum®&j)a0.6 pL of MgCI2 (50 mM), 2 pL of
dNTPs (2 mM), 2 uL of each primer (2 uM), 0.1 pLy% of Platinum® Taq (Invitrogen),
and 100 ng of template DNA].

21



COI was amplified using the following PCR conditiomast initial DNA denaturation
at 94°C for 3 min, followed by 35 cycles at 94°C & s, at 52°C for 40 s, and at 72°C for 1
min, and a final extension at 72°C for 10 ni¥D2 was amplified by touchdown PCR under
following PCR conditions: an initial DNA denatumati at 94°C for 4 min, followed by 9
cycles at 94°C for 30 s, at 57°C for 40 s with imeglttemperature decreasing one degree on
each cycle, and at 72°C for 1 min and 30 secorilsydles with denaturation at 94°C for 30
s, at 47°C for 40 s and at 72°C for 1 min and 3fsds and a final extension at 72°C for 10
min. TheMYH6 PCR conditions following: an initial DNA denatut at 94°C for 3 min,
followed by 35 cycles at 94°C for 30 s, at 53°C46rs, and at 72°C for 1 min and 30 s, and a
final extension at 72°C for 10 min on first PCR amdinitial DNA denaturation at 94°C for 3
min, followed by 35 cycles at 94°C for 30 s, at®3dr 45 s, and at 72°C for 1 min and 30 s,
and a final extension at 72°C for 5 min on seco@&®PTheSH3PX3conditions following: an
initial DNA denaturation at 94°C for 3 min, followeby 35 cycles at 94°C for 30 s, at 55°C
for 45 s, and at 72°C for 1 min and 30 s, and a #xtension at 72°C for 10 min on first PCR
and an initial DNA denaturation at 94°C for 3 mioljowed by 35 cycles at 94°C for 30 s, at
65°C for 45 s, and at 72°C for 1 min and 30 s, arfthal extension at 72°C for 5 min on
second PCR. The PCR products were purified by usmgymatic method ExoSap (25%
exonuclease, 25% Shrimp Alkaline Phosphatase a¥dd@leionized water), and sequencing
was performed on Macrogen Inc., Seoul, South Kareé Ludwig Biotec at Porto Alegre,
RS, Brazil.

Sequences of each locus were independently aligeed) Clustal W in MEGA 6.0
software (Tamuraet al 2013) and alignments were inspected by eye for @ovious
misalignments that were then corrected.

The species tree was estimated on BEAST 2.1.3 aoft{Bouckaerét al 2014) with
StarBeast template. Each DNA alignment was consttarpartition and molecular models of
evolution and gene trees were unlinked. The bestecutar model of evolution for each DNA
alignment was chosen using MrModeltest softwarelghlyer 2004) and this information
using to set priors of site substitutions on Sitedel panels. It was made to optimize the
mixing and convergence of the MCMC chain. A popalafunction constant was chosen on
Mult Species Coalescent panel and a Yule Model ehasen as Species Tree prior. The tree

was estimated twice and each run was performed 8@th million MCMC iterations and
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80,000 trees were retained. The distribution of ld@lihood scores was examined to
determine stationarity for each run and achievevegence using the program Tracer 1.5
(Rambaut & Drummond 2009) with 10% of the initidhtes discarded as burn-in. The
program TreeAnnotator (Beast package) was usednonarize the trees with 10% of initial
trees discarded as burn-in. StarBeast analysesnweren computational resources provided
by Cyberinfrastructure for Phylogenetic ReseardPRES) (Milleret al.2010).

The posterior probability values of 1-0.91 and petage values of 100-88 were
considered well supported in the Bayesian and maxinparsimony analysis, respectively
(Zander 2004). DNA sequences were deposited in @ekBAccess No. XXXX).

Results
Characters
The examination of all species Deuterodonplus Astyanaxcoastal species allowed

the description of twenty new characters, mostigteel to jaw bones and teeth:

393 —Dentary shape: (0) Height nearly equal along mbsgs length, narrow anteriorly in the
toothed portion corresponding to nearly 1/3 ofetggth; (1) Deepest at posteriormost portion,
height diminishing progressively anteriorly in tteothed portion of the bone corresponding
to half to 2/3 of its length.

The dentary in the species Deuterodonis nearly triangular in lateral view (Fig. 1),
whereas in most characids this bone is nearly mgatar in profile. The narrowing of the

dentary is associated to the length of the didtiviouof teeth in this bone.

394 —Dentary, teeth, position (Fig. 2): (0) Teeth otezhdorsally not visible in ventral view;
(1) Teeth oriented laterally and anteriorly, visilh ventral view.

In the species dDeuterodonthe dentary teeth are inclined outward, formingaagle
of approximately 45 degrees with the bone wheneasast of Characidae species these teeth

are directed upward, forming an angle of 90 degrelesive to main dentary axis.

395 —Maxilla, length: (0) Reaching or surpassing theckidian cartilage, (1) Not reaching

the Meckelian cartilage.
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In the species obeuterodon the maxilla is short and never reaching the Mkake
cartilage. Most characids present maxilla more raortg positioned and vertically than in
Deuterodonspecies, and this bone seems to be longer, repdmirsurpassing Meckelian
cartilage. The state observedDeuterodondoes not fit in those decribed by Mirande in his
character 100, relative to the length of the maxilimaxilla reaching posterior end of
Meckelian cartilage or maxilla not reaching posteend of Meckelian), since both assume

that maxilla reaches Meckelian cartilage.

396 — Antorbital, shape: (0) Vertically elongated or widr; (1) Triangular, lacking a
vertically elongated portion or tubular region.

In mostDeuterodonspecies the antorbital is triangular, lacking #igally elongated
portion or tubular region, a condition also obsdrye some speciesf Hasemaniaand
Hemigrammus Bryconamericus agnaBryconamericus iheringii Cheirodon interruptus
Jupiaba mucronata Jupiaba polylepis Moenkhausia sanctaefilomenge Moenkhausia
dichroura Mimagoniates rheocharjsParacheirodon axelrogdiParacheirodon innesiand
Pseudocorynopoma doriaén the other observed species, the anterortatalbular without
this posterior triangular shape, except in somecispeof Astyanax Hyphessobrycorand
JupiabaandDeuterodon pedrihat may present have a posterior triangular ext@nfrom the

anterior vertically elongated tubular format, amd eoded as 0.

397 — Maxilla, ascending process: (0) Without laterabjections; (1) With a small
lateroventral projection (Fig. 3).

The small lateroventral projection on ascendimcpss of maxilla was observed only
in Deuterodonspecies. This projection seems serve for theudation of this bone with the

premaxilla.

398 — Maxilla, posterior edentulous portion (modifiecdrn Lucena & Lucena 2002): (0)
Longer than toothed portion; (1) Shorter than aratdo toothed portion.
The smaller size of the posterior edentulous poraf maxilla is usually related to a

large number of teeth in the toothed portion (Elgaray, but it is not the case in the species
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of Deuterodon that have the edentulous portion smaller evensheotving a significative

increase in the number of teeth.

399 —Maxilla, dorsal margin: (0) Laminar, without meldlaminar projection; (1) With a
medial laminar projection bending medially andautated with palatine.
The maxilla is usually a laminar bone in Characiddes species dDeuterodonrhave

a curvature in the dorsal border turning the maxathncave medially.

400 —Maxilla, teeth, position (modified from Lucena &tena 2002): (0) Maxillary teeth
aligned in a 45 degree angle relative to premayilteeth; (1) Maxillary teeth aligned
continuously with pre-maxillary teeth (Fig. 4).

The state 1 of this character was originally psgubby Lucena & Lucena (2002) as a
synapomorphy to definBeuterodon

401 —Premaxilla, ascending process: (0) Forming 90 ekegngle with toothed border; (1)
Forming a 45 degree angle with the toothed border.

Usually the ascending process of pre-maxilla foran®0 degree angle with the
remaining portion of the bone in characidsDeuterodon the ascending process is inclined
posteriorly in direction to interorbital area irstieof directed dorsally and parallel to the

nasal, as in most characids.

402 —Dentary, teeth, cusps: (0) Central cusp distintahger and longer than other cusps
(Fig. 1); (1) All cusps nearly equal in size andh (Fig. 2).

Tooth shape and cusp shape may vary among mouthsband so are treated
separately for tha maxilla, premaxilla and dentargharacters 402 to 407.

403 —Dentary, teeth, shape: (0) Basal portion widentbanearly equal to apical portion;
teeth juxtaposed, without space between the bdsesntiguous teeth; (1) Basal portion of
teeth narrower than apical portion with a gap betwihe bases of contiguous teeth (Figs. 1,
2).
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404 - Premaxilla, teeth, cusps: (0) Central cusp difliiiarger and longer than other cusps
(Fig. 1); (1) All cusps nearly equal in size andh (Fig. 4).

405 -Premaxilla, teeth, shape: (0) Basal portion witk@ntor nearly equal to apical portion;
teeth juxtaposed, without space between the bdsesntiguous teeth; (1) Basal portion of

teeth narrower than apical portion with a gap betwiae bases of contiguous teeth (Fig. 4).

406 -Maxilla, teeth, cusps: (0) Central cusp distindédisgger and longer than other cusps (Fig.
1); (1) All cusps nearly equal in size and shape. (8).

407 - Maxilla, teeth, shape: (0) Basal portion wider tlm@nnearly equal to apical portion;
teeth juxtaposed, without space between the bdsesntiguous teeth; (1) Basal portion of
teeth narrower than apical portion with a gap betwiae bases of contiguous teeth (Fig. 3).

408 - Maxilla, teeth, main axis: (0) Inclined towards nmfogape, not visible in lateral view;

(1) Pointing anteroventrally, visible in lateraéw.

409 - Fifth ceratobranchial plate, teeth: (0) Widespraéadill extension of the plate; (1)
Restrict to the borders of the plate.

Most examined species of Characidae have teetlallirextension of the fifth
ceratobranchial plate. The distribution of thesghteaestricted to the borders of the plate was
observed in somdupiaba (J. abramoidesJ. anteroidesand J. polylepi$ and Astyanax

speciesA. laticepsA. goyanensijdA. henselandA. jequitinhonhak

410 -Dentary, second tooth, insertion: (0) Tooth baseited at a lower position in the bone;
(1) All tooth bases aligned.

The second tooth of the dentary positioned inveetgoosition regarding the remaining
teeth of the dentary is observed in the speciébenfstyanaxclade sensu Mirande, including
Astyanax mexicanuspecies of théstyanax fasciatuspecies complex (sensu Melo, 2005),
Astyanax scabripinnisspecies complex (sensu Bertaco & Lucena, 2006) Asiganax

bimaculatusspecies complex. It can also be observed in atharacid fishes as for example
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in the Stevardiinae (Malabarba & Weitzman 2003:,1®ph 38F). The state 1, second tooth
base aligned with the remaining ones in dentaryebsm condition observed in the species of
Deuterodon as well as in the majority of the speciesAstyanaxfrom coastal drainages, in
Hyphessobrycon luetkenand some species dupiaba that show gradually decreasing
dentary teeth. This character has not been usetpsty in phylogenetic analysis.

411 -Hooks, format: (0) Small and delicate; (1) Large ambust.

There is a great variation in the shape, posgiat function of hooks on all rayed fins
in Characidae (Malabarba and Weitzman, 2003). Thes@tions have been partially
explored in the characters proposed by Mirande R0OQne variation observed herein is in
the size and robustness of hooks that may be sandlldelicate or large and robust. This
character seems to differentiate the specigsstfanaxrom coastal drainages from large and
robust ones present in Astyanax species from Aatyatade.

412 —Dentary, teeth, number of anterior large teethFH@)r; (1) Five or more.

Character 142 of Mirande (2010) describes twoestdbr the number and size of
anterior dentary teeth: four or five relatively adboteeth at front of dentary or eight or more
small and slender teeth at front of dentary. Algftoeharacter description given by Mirande
refers to the “Size and number of anterior dentasth”, the two states just refer to the
presence of absence of large teeth in the antpadion of the dentary. The characid taxa
examined with large anterior dentary teeth, howepesses more than one discrete state. The
most common condition among characids correspoodbd presence of four large teeth
followed by small ones. The other condition is eltaerized by the presence of 5, 6 or 7 large
teeth anteriorly, that may be followed by one taatermediary of intermediate size and then
by smaller teeth or that may be followed by teetdgally decreasing in size.

Characters modified from Mirande (2010):

5 — Form of epioccipital bridge: (0) Cylindrical wertically expanded in transverse section;
(1) Depressed in its middle region, with lateralpa@&xsion only on medial portion; (2)

Cylindrical with expansion on both lateral sidestod bridge, forming a loop.
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Mirande (2010) described this character originallih only two states: 0) cylindrical
or vertically expanded in transverse section; (&prdssed in its middle region. We have
observed that inDeuterodon pedri Astyanax pelecysundescribed taxa 1 and 2 and
Oligosarcugenynsij the epioccipital bridge is depressed in its meddigion and has a lateral
expansion only on medial portion. In the specie®efiterodonand most characid fish, this
bridge has format of tube and also has a later@dmsion only on medial portion (state 0). In
Deuterodon potaroensiand someJupiaba species we could observe that the bridge is
cilindrical has lateral expansion in portions, nadnd radial, having a format of loop. So,
we add the state two to this previously descrildeatacter.

64 — Ventral extent of third infraorbital: (0) n@aching horizontal arm of preopercle, at least
anteriorly; (1) reaching horizontal arm of preoperc
This character was coded inverted, so to avoish@dsiin all previously coded taxon

at the matrix, we only inverted the states in the.t

96 — Margins of toothed region of maxilla: (0) ddr&nd ventral margins of the toothed
portion of the maxilla roughly parallel; (1) antariregion of the toothed portion of the
maxilla deeper than the posterior region of thehed portion (Fig. 3).

Mirande proposed this character originally as: gmar of toothed region of maxilla:
(0) roughly parallel; (1) dorsally divergent. Miden commented in the description of the
character that Lucena & Lucena (2002) proposeditisal divergence of the margins of the
maxillary lamellar portion as a synapomorphy of ¢lemusDeuterodon(state 1). So, the state
one was originally proposed by Lucena & Lucena. 8&eided to redescribed this character
according with was proposed for the first time hyceéna & Lucena (2002) and considered

that this new description will improve in the integtation of this character.

190 — Anterior development of basihyal: (0) slighglirpassing anterior margin of hypohyal;
(1) broadly extending beyond anterior margin opdtyyal.
This character was coded inverted, so to avoid gésm all previously coded taxon at the

matrix, we only inverted the states on the text.
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265 — Relative position of dorsal-fin anterior irige: (0) posterior to vertical through
pelvic-fin origin; (1) anterior to or at verticdirough pelvic-fin origin.
This character was coded inverted, so to avoid gésim all previously coded taxon

at the matrix, we only inverted the states on éxé. t

347 — Spots on each scale of the flanks: (0) abgghtspots forming points at the distal
border of scale and located by all flank regior); dBtal border of scales above lateral line
pigmented, forming a dark brown arch when chromatops are expanded and a an
unpigmented arch when chromatophores are not eggand

Mirande proposed this character as: little spoeach scale of flanks: (0) absent; (1)
present. A large variation of coloration and spuitscales can be observed in fish. To try
improving this character we redescribed the staiés more details and add one more state
after our observations witheuterodon pedrcoloration pattern, the state 2.

We have identified problems on character interpisiafor Deuterodonspecies in
Mirande (2009, 2010) and Mirandet al. (2013). One of them is that in text Mirande
exemplifiesDeuterodonas having the state 1 for character 128, whicteesh with cusps
aligned in straight series and without anterioraauity on inner premaxillary teeth. However,
when we checked the matriQeuterodonwas codified as state 0, with cusps forming
anteriorly concave arch on teeth of inner premamiltooth row for character 128. Problems
were also identified with the codification ¢frobolodus heterostomug-or example the
character 118, related to form of teeth, has theedd for all teeth conical, caniniform, or
mamiliform and state 1 for teeth multicuspidatenoolariform teeth.Proboloduspossesses
mamiliform teeth (state 0), but Mirande codified stiate 1. However, the multicuspidated
teeth ofProbolodusis considered no homolougous when compared witlicuspidate teeth
in Astyanaxor Deuterodonspecies. So, it is more appropriate to tfeéaibolodusteeth as
mamiliform. The interpretation of characters is oful on matrix analysis and final results
(Pettersoret al. 1993), and so we decided to reinterpret all charagbreviously codified by
Mirande on all Deuterodon species andProbolodus heterostomusvhat explain some
differences between the original matrix and the neatrix presented in this work.
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Molecular phylogenetic analysi¥he sequence data of 219 specimens resulted intaxma
with 3091 aligned base pairs (bp). The transitimassversions (Ti/Tv) ratio was 51 and the
overall mean genetic distange-distance) was 0.14. All other information relatitee each
gene is summarized in Tab. 1.

StarBeast Bayesian analysis recovered a monophyktide composed by the genus
Deuterodon, Astyanaspecies from coastal drainages with gradually desing dentary teeth,
Hyphessobrycon luetkeniProbolodus heterostomus, Myxiops aplao&l Jupiaba poranga.
This clade was recovered with significant postepiambability value (Fig. 5).

Deuterodonsensu strictavas recovered as monophyletic (Fig. 5, posteniobability
of 0.85), including only the species assigned fo¥ genus from southern section of the
Atlantic River drainages of southern Brazil, beoangruent with the restricted definition of
the genus presented by Lucena, Lucena (2002) dad &i al., (2017). Deuterodon pedri
however, was found not closely relatedDieuterodon sensu strigtout recovered as sister
group to two undescribed characids (Sp.1 and SptR)high posterior probabilityl§. pedri
clade, Fig. 1, posterior probability 0.9Hyphessobrycon luetkerappears closely related to
Astyanax ribeiragposterior probability 0.95) arf@robolodus heterostomweas recovered as
part of a monophyletic group (posterior probabilityy3) with Astyanax jenynsiiAstyanax
burgerai, Astyanax bahiensiand Astyanaxaff. microschemasAstyanax hastatusom north
Rio de Janeiro and Espirito Santdstyanax intermediusand Astyanax gitonare a
monophyletic group with posterior probability 0.82d Astyanax hastatusom south Rio de
Janeiro, Astyanax taeniatusaand undescribed taxon Sp. B from Espirito Santothen
monophyletic group with 0.57. The hypothesis oatiehship among these clades and with
Myxiops aphosindJupiaba porangavere weakly supported and are not further comngente

All the remaining species dstyanaxwere found to form a single clade containing
Astyanax mexicanugtype species of the genush. altiparanae A. jacuhiensis A.
cremnobates A. brachpterigyum A. laticeps A. xiru, A. bagual A. scabripinnis A.
douradilhng A. dissensusA. rivularis, A. fasciatus, A. eigenmaniorum, A. procerus, A.
paranae, A. henseli, A. jequitinhonhae, A. lacgsi@nd undescribed Sp. C aB¢. D, and
would correspond to the triestyanax.
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Morphological analysis.The equal weighting hypothesis based on morphadbgiata is the
strict consensus among most parsimonious trees288Hd steps (Fig. 6; Cl = 0.303 and RI =
0.621). The implied weighting hypothesis (suppletagnfile S4) is the strict consensus of
the 2@ value of K (38.894; CI = 0.309 and RI = 0.645).eTtesults and synapomorphies
described herein are based on the strict consdreeisand the reasons for not adopting the
implied weigthting hypothesis are given in the dssion.

The morphological analysis under equal weightingpvered a large monophyletic
clade, similar to that obtained from the analy$imolecular data. Inside this major clade, the
monophyly of the genuBeuterodonproposed by Lucena & Lucena (2002) and Sdval.
2017 was supported, includii® rosaenot available in the molecular analydidyxiopsis
recovered as sister group Dfeuterodon differently from the hypothesis obtained from
molecular dataDeuterodon pedrwas found more closely related Astyanax pelecuéot
available in the molecular analysis) and to thees#@mwo undescribed characids analyzed in
the molecular hypothesifrobolodus heterostomugiyphessobrycon luetkeniAstyanax
ribeirae, Astyanaxaff. microschemos, Astyanax jenynsii, Astyanax batsigen&styanax
burgerai, Astyanax hamatilis, Astyanax taeniatustyAnax hastatus, Astyanax aff. hastatus,
Astyanax giton, Astyanax intermediusidescribed taxon Sp. A and Sp. B, all from coastal
drainages are also inserted in this clade, formitayge polytomy. Several specieslapiaba
with dentary teeth gradually decreasing(not avéglabn the molecular analysis) form a
monophyletic clade, and this is sister groupVyixiops plus Deuterodon Jupiaba poranga
together withD. potaroensisvere found as sister group of all the taxa desdriébove, and
this is the other difference found between molacafal morphological data set analysis.

Jupiaba and Astyanaxwere found as polyphyletic genekdupiabaspecies appears
widespread in 5 clades inside of the phylogeny. Ginthe clades belongs to Probolodini,
whereas other 6 species are together with Probuolatide on a polytomy and this is sister
group ofJupiaba porangaandD. potaroensis Two other species afupiabaare not close
related, appearing more related to clade B Bio@nkhausiaspecies, mostyphessobrycon
speciesHemigrammuspecies an@ristella speciesAstyanaxspecies appears in three clades
inside of Characidae phylogenie. 11 species ategp&robolodini. Other large monophyletic
clade composed only bAstyanaxs closely related to Probolodini plus sothiabaspecies

andD. potaroensisRemainAstyanaxspecies included in the phylogeny, includistyanax
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mexicanusappears on a polytomy that includBsyconamericusscleroparius Markiana
nigripinnis, Hyphessobrycon meridionalisHyphesobrycon bifasciatusHyphessobrycon
anisitsi, Psellogramus KennedyBryconamericus emperadand the clade A.

Based on these results obtained from both molecatar morphological data, a
monophyletic group is proposed amongs characidlede C, includingProbolodus,
Deuterodon sensu stricto, Myxigpsyphessobrycon luetkenand part of thespecies of the
generaAstyanaxandJupiabg especially those with dentary teeth graduallyrel@gingin size.
This clade is named herein Probolodini, a namelabai from Géry, 1977. Synapomorphies

supporting this clade are based on the equal parsiranalysis.

TRIBE PROBOLODINI Géry, 1977

Included taxa:Probolodus heterostomusHyphessobrycon luetkeniiAstyanax ribeirae,

Astyanaxaff. microschemos, Astyanax jenynsii, Astyanax balgemsstyanax burgerai,
Astyanax hamatilis, Astyanax taeniatus, Astyanastdtas, Astyanax giton, Astyanax
intermedius Deuterodon pedrAstyanax pelecus, Myxiops apho®euterodon iguape,
Deuterodon supparis, Deuterodon stigmaturus, Deden singularis, Deuterodon
longirostris, Deuterodon rosa@ndDeuterodon langei

Bremer support: 2; posterior probability: 0.63. hityesynapomorphies support this clade:

Exclusive synapomorphy:

- Place of insertion of the second tooth of dgntaeth aligned with the insertion of other
dentary teeth (410 - 0>1; 1.00; 1.00);

The state 1, second teeth aligned with remairhteetdentary bone is a condition
observed in all species from coastal drainageslu@ivty Deuterodonspecies,Astyanax
species,Hyphessobrycon luetkenand someJupiaba species with gradually decreasing
dentary teeth). This condition was inapplicablePimbolodus heterostomusecause of the

different arrangement of teeth in this species.
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No exclusive synapomorphies:

-Supraoccipital spine extending only to anterianili of neural complex of Weberian
apparatus (53 - 0>1, 0.03, 0.71). Reversibl®&uterodon Jupiabaspecies with gradually
decreasing dentary teetlRrobolodus heterostomusAstyanax aff. microschemosand

Astyanax jenynsiiParallel inAstyanax brachypterygiunA. cremnobatesSp. C,Astyanax

goyanensisA. procerusA. jequitinhonhagA. scabripinnisAstyanax bransfordiGill 1877),

some Hyphessobryconspecies, ThayeriaEigenmann 1908species, someHemigrammus
species, Hasemania nana(Litken 1875), Bario steindachneri (Eigenmann 1893),
Moenkhausia sanctaefilomeng&teindachner 1907)Pristella maxillaris (Ulrey 1894),

Paracheirodon axelrodi(Schultz 1956), Aphyocharacinae (sensu Mirande PG&p@cies,
Grundulus cochaeRoman-Valencia, Paepke & Pantoja 20@3ymnocharacinus bergii
Steindachner 190% optobrycon bilineatuéEllis 1911), Stevardiinae clade (sensu Thomiaz
al., 2015) and Cheirodontinae species.

-Presence of a single tube of blood vessels onllammortion of maxilla, parallel to dorsal
margin of this bone (98 - 1>0; 0.09; 0.68). Reudesin Deuterodon longirostrisAstyanax
pelecus Jupiaba aff. atypindi Jupiaba poekoteroSp. B, Astyanax taeniatysSp. A and
Astyanax jenynsiiAmbiguous in Sp. 1. Parallel ikstyanax dissensu$p. C, Stevardiinae
clade, Cheirodontinae species, Aphyocharacinaemasst of C clade (sensu Javonidb al.,
2010).

- Five or more cusps on teeth on outer premaxillavy (125 - 0>1, 0.04, 0.62). Reversible in
D. pedriand Sp. 1 and ambiguousi aphosand inapplicable ifP. heterostomudParallel
in Nematocharax venustiWeitzman, Menezes & Britski 198&ymnocharacinus bergii
some Astyanax species, Jupiaba species, Hyphessobrycon meridionaliRinguelet,
Miquelarena & Menni 1978Hyphessobrycon bifasciatusllis 1911, Knodus heteresthes
(Eigenmann 1908) arBryconamericus agndzpelicueta & Almirén 2001.

- Cusps of medial teeth on inner premaxillary rannfing shallow arch or aligned in straight
series from ventral view (127 - 0>1; 0.05; 0.59pvBrsible inJupiaba essequibensis.
pinnatg J. acanthogastherd. aff. atypindi A. burgeraiand A. jenynsii Inapplicable inP.
heterostomus.Parallel in J. apenima J. potaroensis J. abramoides J. anteroides
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Astyanacinus moorii(Boulenger 1892), Bramocharax clade, most of Stevardiinae,

Cheirodontinae and clade C species.

-Teeth of inner premaxillary tooth row with cuspgyaed in straight series and without
anterior concavity (128 - 0>1; 0.08; 0.78). Reuaesin Jupiaba essequibensis pinnata J.
acanthogastherd. aff. atypindi A. burgeraiandA. jenynsii Inapplicable inP. heterostomus.
Parallel inJ. apenimaJ. potaroensisJ. abramoidesJ. anteroidesOligosarcus menezesi
Miquelarena & Protogino 19960. pintoi Amaral Campos 1945,Bryconamericus
lethostigmugGomes 1947)Attonitus ephimero¥ari & Ortega 2000Aulixidens eugeniae
Bohlke 1952, Cheirodontinae species, Aphyochasa&cinspecies, Gymnocharacinae,
Rhoadsia altipinna Fowler 1911, Carlana eigenmanni(Meek 1912), Hemigrammus
erythrozonusDurbin 1909,Hemigrammus bleherséry & Mahnert 1986 Paracheirodon

axelrodiandNematocharax venustus

- Absence of an abrupt decrease in size of dem¢aitir (148 - 1>0; 0.05; 0.64). Reversible in
Astyanax intermediusA. jenynsij A. michroschemg@sSp. 1 and Sp. 2. Even though we
consider the dentary teeth decreasing abruptlyattengement of the teeth in these species is
different from that observed in othekstyanax species. In otheAstyanaxand some
Stevardiinae species we can observe the preserfoarofarge teeth on dentary followed by
notably smaller ones. In the species of Probolpdia observe presence of four or five teeth
followed by one with intermediate size. The smalé® that follow these five or six first are
small, but the difference in size is less markafleen compared with that observed in fish
with only four large teeth and without the fifttenmediary tooth (Fig. 7). In relation to other
Probolodini, the condition of five large teeth danconsidered abruptly decreasing especially
when compared witbeuterodonspecies oD. pedrithat normally have 7 teeth followed by
one intermediary and other small ones. Parall@.ipotaroensisO. itauMirande, Aguilera

& Azpelicueta 2011Astyanax bransfordiiStevardinae and Cheirodontinae.

- Anterior extension of interopercle not extendengeriorly beyond terminus of horizontal
arm of preopercle (163 - 0>1; 0.05; 0.44). Revdesih DeuterodonspeciesMyxiops aphos
P. heterostomyslupiabaspeciespD. pedriclade, Sp. BA. burgeraj A. intermediusParallel
in A. dissensusA. jequitinhonhagCreagrutus maracaiboens($chultz 1944) Microgenys

minutaEigenmann 1913.
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- Two well developed blocks of cartilage anterior lasihyal (188 - 0>1; 0.02; 0.42).
Reversible inD. singularis Myxiops J. aff. atypindi J. acanthogasther). essequibensis.
poekoterg D. pedri P. heterostomysA. hamatilis Ambiguous inA. michroschemosind
Deuterodonspecies. Parallel id. poranga AstyanaxspeciesQOligosarcusspeciesAttonitus
ephimeros Knodus meridaeEigenmann 1911 Bryconadenos tanaothorofNeitzman,
Menezes, Evers & Burns 2005Fyanocharaxsp., Diapoma speculiferunCope 1894,
Hyphessobrycon bifasciatu@dontostilbe microcephalBigenmann 1907Aphyocharacidium
bolivianum Géry 1973, Microschemobrycon casiquiarBohlke 1953, Hasemania nana
Thayeria boehlkei Weitzman 1957, Moenkhausia species, Poptella paraguayensis
(Eigenmann 1907)Jupiaba scologastdiVeitzman & Vari 1986)Roeboides descalvadensis
Fowler 1932 and@ryconops melanuru®loch 1794).

- Denticles on gill rakers restricted to marginsabsent (202 - 1>0; 0.04; 0.62). Reversible in
J. poekoterp J. essequibensis). pinnata and A. jenynsii Ambiguous in A. aff.
michroschemoandMyxiops Parallel inD. potaroensissomeAstyanaxspecies, Stevardiinae,

Cheirodontinae, Aphyocharacinae and most cladeeCiap.

- Posterior margin of cleithrum with concavity veattto first postcleithrum (234 - 0>1; 0.03;
0.72). Reversible i\. burgeraj Sp. B,J. pinnataandJ. aff. atypindi Parallel inJ. poranga
D. potaroensis A. dissensysA. fasciatus A. aff fasciatus A. henseli A. procerus A.
jequitinhonhagA. scabripinnis Stevardiinae clade, Cheirodontinae, Aphyochaesgisome
Hyphessobrycorspecies Hemigrammusspecies Moenkhausiaspecies,Thayerig Pristella
maxillaris, Bryconopsand Heterocharacinae.

- Five or more supraneurals (280 - 0>1; 0.02; 0.R&yersible in). poekoterpJ. pinnata J.
essequibensid. aff. atypindi MyxiopsandProbolodus Ambiguous inA. giton Parallel inJ.
potaroensis J. anteroides D. potaroensis most Astyanax species,Oligosarcus species,
Stevardiinae, most clade C species, most Cheirodmt Aphyocharacinae,
GymnocharacinaeHasemania nanaHemigrammus Bario steindachneri Hollandichthys
multifasciatugEigenmann & Norris 1900) arfBseudochalceus kybur@chultz 1966.

-Second humeral spot absent (342 - 1>0; 0.07; OR&Jersible irA. giton A. burgeraiand
A. bahiensisThe state 0 is present in most examined spetiesdegree of development of

the second umeral spot can influence in the detettioin of the presence or absence of this
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feature. In most examined species the second umsgodlis diffuse and not so evident, being
considered absent by some researchers. In fuhiseghiaracter description must be improved

to describe more states related to this feature.

- Dentary deepest at most posterior portion andhtediminishing progressively anteriorly,
corresponding to the toothed portion of the boradf (fo 2/3 of its length) (393 - 0>1; 0.11;
0.75). Reversible iA. burgeraiandD. pedriclade. Parallel ifb. potaroensisA. rivularis, A.

procerus Bryconamericus agnaPhenagoniates macrolepi®eek & Hildebrand 1913),

Xenagoniates bondllyers 1942 andoptobrycon bilineatus

-Basal portion of dentary teeth narrower than dppmation with a gap between bases of
contiguous teeth (403 - 0>1; 0.16; 0.84). Revessiibl A. burgeraiand D. pedri clade.
Parallel inA. dissensysCheirodontinae species, Aphyocharacinfaeptobrycon bilineatuys

Hemigrammus bleheGéry & Mahnert 1986, anBaracheirodon axelrodi

-Basal portion of premaxillary teeth narrower thegpical portion with a gap between the
bases of contiguous teeth (405- 0>1; 0.2; 0.88yeRble inD. pedriand Sp. 2. Parallel in
Cheirodontinae species, Aphyocharacin@eptobrycon bilineatusHemigrammus bleheri

Paracheirodon axelrodand Nematocharax venustus

- All cusps nearly equal in size and shape in neyilteeth (406 - 0>1; ). ReversibleAnaff.
michroschemosand A. jenynsii Ambiguous in A. pelecus Parallel in A. dissensuys
Odontostilbe paraguayendtsgenmann & Kennedy 1908). pequira(Steindachner 1882%;.
interruptus(Jenyns 1842) andaracheirodon axelrodi

- Basal portion of maxillary teeth narrower thancapportion with a gap between the bases
of contiguous teeth (407 - 1>0; 0.2; 0.87). Ambigsion A. pelecusand inapplicable irP.
heterostomus Parallel in A. rivularis, O. paraguayensjsO. pequira C. interruptus

Xenagoniates bondandP. axelrodi

- Maxillary teeth laterally inserted medially attbone, visible in lateral view (408 - 0>1; 0.1;
0.64). Inapplicable inP. heterostomusParallel in J. abramoides J. potaroensis D.

potaroensis Stevardiinae clade, Cheirodontinae speci€henagoniates macrolepis
Xenagoniates bondPrionobrama paraguayensi&igenmann 1914)Aphyocharax anisitsi
Eigenmann & Kennedy 1903,Paracheirodon axelrodi Nematocharax venustus
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Hyphessobrycon herbertaxelro@éry 1961, Hyphessobrycon socolofiVeitzman 1977,

Moenkhausia sanctaefilomenade mucronataeandCharax stenopteruy€ope 1894).

-More than four teeth on Dentary anterior port{dd2 - 0>1; 0.2; 0.77). Ambiguous .
michroschemoand inapplicable i?. heterostomud$arallel inD. potaroensis

Deuterodon genus. Deuterodonstricto sensuis composed by seven speci&@se(terodon
iguape, Deuterodon supparis, Deuterodon stigmatuResuterodon singularis, Deuterodon
longirostris, Deuterodon rosae, and Deuterodon kihgupported by 9 synapomorphies. For
more details see Silet al.2017.

Deuterodon pedri clade. This is a monophyletic clade composed Dguterodon pedri
Astyanax pelecuand undescribed taxons Sp. 1 and Sp. 2. This @ladaecovered also with
molecular data set with support of 0.96. Twelveapgmorphies support this clade under

bremmer support of 5. The following synapomorplaiene this clade:

- Epioccipital bridge depressed in its middle regi® - 0>1; 0.18; 0.5). Paralleled in
Bramocharaxclade A. giton A. intermediusJ. pinnata J. acanthogasthesindJ. poranga

- Posteriorly-oriented epioccipital spine absent -(0>1; 0.06; 0.7). Parallel in most
Characidae examined fish. The most closely rel#itedl presents the same conditions are
Deuterodon stricto sensuP. heterostomysA. hamatilis A. burgeraj J. poranga D.

potaroensisA. xiry, A. lacustris Astyanaxcinus mogrBramocharaxclade (Mirande, 2010),

-Presence of anterior paired projections of parasepia (40 - 0>1; 0.07; 0.57). Ambiguous in
D. pedri Parallel inDeuterodongenus,D. potaroensis J. essequibensisNematobrycon
palmeri Thayeriaspecies, somiyphessobrycon specjdsemigramusspeciesMoenkhausia
species,Bario steindachneri Poptella paraguayensisStethaprion erythropLope 1870,
Paracheirodon axelrogdiAstyanaxcinus moorandBryconexodon juruengeéry 1980.

-Dilatator fossa not almost covered by sixth inflatl that leaving a conspicuous naked area
in anterior region of fossa (69 - 0>1; 0.05; 0.7R3rallel inDeuterodongenus, Stevardinae
species, most Cheirodontinae specidgmatobrycon palmertigenmann 1911Carlana
eigenmanniRhoadsia altipinnaHasemania nanal hayeriaspeciesHemigrammusspecies,
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Pristella maxillaris (Ulrey 1894), someHyphessobryconspecies,Moenkhausiaspecies,
Poptella paraguayensisGymnocorymbus ternetéiBoulenger 1895)Stichonodon insignis
(Steindachner 1876)Tetragonopterus argenteuSuvier 1816, someAstyanax species,
Nematocharax venustusPsellogrammus kennedyiEigenmann 1903),Hollandichthys
multifasciatus Pseudochalceus kybuyziCharax stenopterys Phenacogaster tegatus

(Eigenmann 1911) andoplocharax goethébéry 1966.

-Horizontal process of anguloarticular laterallweced by dentary only anteriorly (108 - 1>0;
0.03; 0.54). Parallel in most Characidae. The malated that presents the same condition are
DeuterodorgenusD. potaroensisA. pelecusd. essequibensid. pinnata J. aff. atypindi A.

intermediusA. michroschemo$/. aphosP. heterostomuandA. hamatilis

-Presence of fossa for inner row of replacementpséllary teeth (133 - 0>1; 0.12; 0.56).
The presence of fossa for inner row of replacenpeemaxillary teeth is present on a few
numbers of species and is paralleledDinsingularis A. hamatilis Aphyocharacinae and

Aphyoditeinae (sensu Mirande, 2010).

- Anterior extension of interopercle extending aotty beyond tip of horizontal arm of
preopercle (163 - 1>0; 0.05; 0.44). Parallel in redmmined Characidae.

-Absence of bony lamella dorsal to fourth basibhaaic (185 - 0>1; 0.03; 0.56). Most
characid species have the bony lamella dorsaludHtdyasibranchial. The absence of this is a
reversion that occurs in tli#zeuterodon pedrclade and is parallel ih acanthogasthed. aff.
atypindi J. poekoterpA. intermediusA. aff. hastatus Sp. A,A. goyanensijsParacheirodon
axelrodi Nematocharax venustusHollandichthys multifasciatys Jupiaba scologaster
Jupiaba mucronataGymnocharacinus bergiiOligosarcus longirostrisMenezes & Geéry
1983, Oligosarcus pintgi Characinae (sensu Mirandeixelrodia lindeaeGéry 1973,
Prodontocharaxcf. melanotus Piabarchus analigEigenmann 1914)Knodus heteresthes
Mimagoniates rheocharisMenezes & Weitzman 1990Carlastyanax aurocaudatus

(Eigenmann 1913) and some specie€@agrutusGinther 1864.

- Adductor mandibulaetendon inserted on vertical through middle or aotehalf of

Meckelian cartilage on dentary (330 - 0>1; 0.0590). Parallel inD. iguape Stevardiinae
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species, somé\styanaxspecies,Markiana nigripinnis Eigenmann 1903Psellogrammus

kennedyiPhenagoniates macrolepiXenagoniates bondindGymnocharacinus bergii

-Spots located on the distal border of scale, fogwa dark brown arch when chromatophores
are expanded and a translucent arch when chron@&plare not expended, spots restrict
above lateral line. (347 - 0>2; 0.28; 0.5).Deuterodon pedrclade, spots appears on scales
of flanks, but the spots are located on scale Idsieder and only on two or three series of

scales immediately below to the dorsal fin. Paraild. polylepis

-Dentary nearly equal along most of its length,roar anteriorly in the toothed portion
(nearly 1/3 of its length) (393 - 1>0; 0.11; 0.7Bprallel in most Characidae fish. Inside of

Probolodini, this condition is also parallel ontyA. burgerai

- Basal portion of dentary teeth wider than or hyeaqual to apical portion; teeth juxtaposed,
without space between the bases of contiguous (¢88- 1>0; 0.16; 0.84). Ambiguous An
pelecus Parallel in most Characidae examined. The mdate taxa that presents the same

condition areA. burgeraj JupiabaspeciesD. potaroensisandAstyanaxspecies.

Myxiops genus.Myxiopsis a valid genus also belongs to Probolodini dodaty related to
Deuterodongenus (3 synapomorhies, 2 exclusives). Twenty awtmapomorphies support

Myxiopsas a valid genus:

-Sphenaotic spine not extending ventrally to aration between sphenotic and hyomandibula
(10 - 1>0; 0.05; 0.79). Parallel . singularis D. supparis D. longirostris A. bahiensisD.
potaroensis A. cremnobatesA. brachpterygium Stevardiinae clade (sensu Thonetzal.
2015), Cheirodontinae, Aphyocharacinae (sensu Mear2010), Gymnocharacinae (sensu
Mirande, 2010) and Characinae (sensu Mirande, 2010)

-Ventral diverging lamellae of mesethmoid abselt{3>0; 0.33; 0.88). This state was only
found in specimens from outgroup. Inside of examhispecies of Characidae this condition
was only registered iMyxiops Mirande, 2010 mentions that in Cheirodontinaeléimeellae

is extremely reduced, but present. We could nokemes neither a small vestige of this

lamellae inMyxiops
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-Bony lamellae bordering laterosensory canal dftfinfraorbital absent (58 - 0>1; 0.33;
0.60). Parallel in Phenagoniates macrolepis Xenagoniates bondi Paragoniates
alburnusSteindachner 187@&rionobrama paraguayens&nd Gymnocharacinus bergiiThe
infraorbital 1 ofMyxiops aphogan be fused or not with infraorbital 2 (Zanat&ama, 2004).
In examined specimens bfyxiopsthe infraorbital 1 was not fused and lack the blaneellae
associated. Different from other examined spethesjnfraorbital 1 of this species is tubular
and is possible to see only a slim slice of boraé border one of the sides of infraorbital 1,

but not so big to be considered a lamellae ashara@xamined characid species.

- Laterosensory canal of first infraorbital progcdorsally from main body of the bone (73 -
1>0; 0.09; 0.28). Parallel ieuterodon longirostris Astyanax pelecysAstyanax giton

Deuterodon potaroensigstyanax dissensadBryconamericus pectinatus

- Canal of lateral line on caudal-fin membrane ab$@2 - 1>0; 0.03; 0.62). Parallel # aff.

hastatus J. abramoides A. goyanencis Carlastyanax aurocaudatusBryconamericus
indefessusBryconamericus rubropictydB. thomasi Diapoma sp., Diapoma speculiferum
Hyphessobryconspecies, Serrapinus calliurus Cheirodon interuuptus Aphyoditeinae
(Mirande, 2010), Gymnocharacinae (Mirande, 201Dhayeria species, Hemigrammus
species,Hollandichthys multifasciatysPseudochalceus kybuyzCharax stenopterusand

Phenacogaster tegatus

-Ventral margin of toothed region of maxilla stringoncave (95 - 0>1; 0.20; 0.42). Parallel
in D. stigmaturus CreagrutusspeciesPhenagoniates macrolepand Xenagoniates bondi
The ventral margin of toothed region of maxillasigight or nearly straight in most examined
characids. The strongly concave shape was obsenigdn the cited species. Deuterodon
we can observe a condition almost concave, or a@n@a some portion but not strongly,

justification for the codification of almost straitgand not strongly concave in this genus.

-Ascending process of premaxilla reaching just amtend of nasal (104 - 0>1; 0.05; 0.76).
Parallel in some species from Stevardiinae, Chemtdae, Aphyocharacinae,
GymnocharacinaeHyphessobryconspecies, Hemigrammusspecies,Rhoadsia altipinna
Carlanna eigenmanniParacheirodon axelrodiPristella maxillaries Stichonodon insignjs
Phenacogaster tegat@adCharax stenopterus
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- Alignment of ascending process of premaxilla raligishifted and separated from nasal
(105 - 0>1; 0.33; 0.75). Parallel only in Aphyochanae.

- Medial process of dentary bordering Meckeliartilzage dorsally and medially present (115
- 0>1; 0.20; 0.20). Parallel ihessequibensid. aff. atypindiandJ. ocellata The presence of

this medial process is considered a synapomorpiniggtianodecteinae. We could observe a
process in this same region, like a wall over theckélian cartilage, that we considered
homologue to the observed condition in IguanodaetirBecause of this the species was

coded as having this process.

- Premaxillary, maxillary, and dentary teeth peddate and uniformly shaped (119 - 0>1;
0.25; 0.57). Parallel inBryconamericus lethostigmusGymnocharacinus bergiiand
Cheirodontinae species. Pedunculated teeth in pperuand lower jaw is a synapomorphy

proposed by Malabarba (1998) for Cheirodontinae.

- Number of one rows of teeth in premaxilla (1221>0; 0.09;m0.64). Parallel in
Bryconamericus lethostigmu&phyocharacinae, Cheirodontin&rundulus cochagCarlana
eigenmannandParacheirodon axelrodi The presence of two rows of teeth in premaislla
plesiomorfic condition for Characiformes (Zanataarly 2005) and is considered a
synapomorphy for Characidae (Lucena, 1993). Thesgzsson of one row is a reversible
condition found in few taxons of Characidae. Theersion to one row happens more than
one time, once this appears in not closely reldgedns asMyxiops Bryconamericus

lethostigmusand Cheirodontinae species.

-Foramen on articular condyle of quadrate presga® (- 0>1; 0.03; 0.26). Parallel .
stigmaturus D. longirostris A. taeniatus A. ribeirag A. intermediusA. aff. hastatus H.
luetkenii Sp. A, A. jenynsij A. brachpterygiumA. xiru, A. douradilhg O. longirostris
Creagrutus gephyruBéhlke & Saul 1975Knodus meridaeSerrapinus calliurugBoulenger
1900), Odontostilbe microcephalaCheirodon interruptus Grundulus cochaeHasemania

nana Hyphessobrycon equésteindachner 1882 seudochalceus kyburand Characinae.

- Contact between ectopterygoid and anterodorgameof quadrate absent (162 - 0>1; 0.05;
0.68). Parallel in Sp. 2, Sp. Brobolodus heterostomu#\. burgeraj A. hamatilis A.
bahiensis A. ribeirag A. hastatus Stevardiinae clade, Cheirodontinae clade,
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Microschemobrycon casiquiaréPrionobrama paraguayensisAphyocharax dentatusnd

Stichonodon insignis

- Foramen in posterior region of metapterygoid arnf of incomplete arch, bordered
posteriorly by hyomandibula (168 - 1>2; 0.16; 0./Marallel inD. pedri D. potaroensisA.
cremnobates A. goyanensis A. laticeps Eretmobrycon scleropariugRegan 1908),

Eretmobrycon emperad@gEigenmann & Ogle 1907), argtyconops spp

- Denticles on gill rakers absent (201 - 0>1; 0.0548). Parallel inP. heterostomysl.
apenima J. abramoides Creagrutus species,Microgenys minuta Attonitus ephimerqgs
Aulixidens eugenigeKnodus heterestesBryconadenos tanaothorosPiabina argentea
Reinhardt 1867, Argopleura magdalenensigEigenmann 1913), Axelrodia lindae
Coptobrycon bilineatyg<symnocharacinus bergiGrundulus cochgeNematobrycon palmeri
Hyphessobrycon elachysWeitzman 1985 Hyphessobrycon herbertaxelrodiand

Pseudochalceus kyburzi

- Articulation between ventral process of mesocoichand dorsal margin of scapula present
and broad (245 - 0>1; 0.16; 0.70). Parallel /A rivularis, Creagrutus species,
Bryconamericus pectinaty¥ari & Siebert 1990)Microgenys minut&igenmann 1913 and

Gymnocharacinus bergii

- Ventral exit of laterosensory canal of suprableitn ventral to lamella of supracleithrum
and exiting on posterior margin of this bone (284>0; 0.12; 0.82). Parallel ih ocellata A.

goyanensigA. laticeps Markiana nigripinnis Aphyocharacinae ariéiryconopsspecies.
- Eight or more branched pelvic-fin rays (259 - 08116; 0.58). Parallel iA. giton

- Two dorsal-fin rays articulating with first dokspterygiophore (266 - 1>0; 0.05; 0.80).
Parallel in Stevardiinae cladeAphyocharacidum bolivianum Axelrodia lindae
AphyocharacinadNematobrycon palmerParacheirodon axelrodiHyphessobrycon elachys
Thayeria obliquaBario steindachnerand Characinae clade (Mirande, 2010).

- 17 or less branched anal-fin rays (287 - 1>0; 00072). Number of branched anal-fin rays
is highly variable in Characidae family, but to bamore than 17 is the most common
condition. Parallel irD. longirostris A. aff. michroschemqsA. rivularis, A. goyanensisSp.

C, A. cremnobates A. brachpterygium some species from Stevardiinae clade,
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Prodontocharaxcf. melanotusCoptobrycon bilineatusGymnocharacinus bergiGrundulus

cochag Hemigrammus bleherHasemania nanaandThayeriaspecies.

-Distal tip of sphenotic spine notched, limitingdadtor opercula anterior and dorsally (366 -
0>1; 0.11; 0.66). Parallel iD. longirostris Sp. 1,D. potaroensisJ. polylepis someAstyanax

speciesPligosarcusspecies anoeboexodon guyanen@iiiyo 1948).

- Posterodorsal region of anguloarticular verti¢dB2 - 1>0; 0.14; 0.62). Parallel in

CreagrutusspeciesCarlastyanax aurocaudatuEndBryconamericus pectinatus

Probolodus. Probolodusis a valid genus. It is closely related whAhaff. microschemasTen
apomorphies are listed f&robolodus heterostomuand may constitute synapomorphies to

supportProbolodusafter the examination of all species of the genus:

-Posteriorly-oriented epioccipital spine absent -(70>1; 0.06; 0.7). Parallel in most
Characidae examined fish. The most closely rel#itedl presents the same conditions are
Deuterodon strict sensD. pedriclade,A. hamatilis A. burgeraj J. porangaD. potaroensis

A. xiry, A. lacustris Astyanaxcinus mooriBramocharaxclade (Mirande, 2010).

-Epiphyseal branch of corresponding supraorbitahatsa oriented obliquely, opening
posteriorly to epiphyseal bar (85 - 0>1; 0.14; 0.3&rallel inJ. asymetricaJ. anteroides

Sp. C,A. goyanensisA. rivularis andA. laticeps

-All teeth of premaxillary, maxillary, and dentatgeth conical, caniniform, or mamilliform
(118 - 1>0; 0.12; 0.56). Parallel iaxelrodia lindae Grundulus cochaeand Characinae.
Although the parallel condition of the state 1 ithey taxons, we can consider that
mamilliform teeth appears only iArobolodus heterostomumnd some Characinae fish. The
original character and this state should be madlifieh the objective to better describe the

different conditions and variations of teeth.

-Mamilliform teeth outside mouth, present (120 -10%.33; 0.60). Parallel ifRRoeboides
Gunther 1864 specieBryconexodon juruenadxodon paradoxubliller & Troschel 1844

andRoeboexodon guyanengiruyo 1948).

-Four or more maxillary teeth (136 - 0>1; ). Themer of maxillary teeth is highly variable
in Characidae fish. This fact explains the elevatathber of parallel condition observed at
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the three. This character seems to be very hontaplasd has a high variation intra

specifically.

-Teeth extending across almost entire maxillaryddan(137 - 0>1; 0.06; 0.68). Parallel in
Bramocharax clade, Creagrutus gephyrysCreagrutus cracentisvari & Harold 2001,
Hemibrycon surinamensisséry 1962, Prodontocharax cf. melanotus Phenagoniates
macrolepis Xenagoniates bondiParagoniates alburnys Prionobrama paraguayensis
Grundulus cochae Nematobrycon palmeri Nematocharax venustusHyphessobrycon
megalopterugEigenmann 1915}iollandichthys multifasciatys®’seudochalceus kyburand
Characinae.

-Four or fewer supraneurals (280 - 1>0; 0.02; 0.MB)mber of supraneural is highly variable
in Characidae. The closely taxon that presentsliph@ndition with P. heterostomusgre

Jupiabaspecies anilyxiops aphos

- Pronounced flexion on maxilla posterior to sifeatachment with premaxilla (372 - 0>1,;

0.50; 0.80). Parallel o@arlastyanax aurocaudatwmnd inCreagrutusspecies.

-Three or fewer cusps of anterior dentary teethO(381>0; 0.05; 0.70). Parallel in
Oligosarcusspecies, some species from Stevardiinae cladeyddjteinae, Aphyocharacinae,
Grundulus cochaeHasemania nanaHyphessobrycon herbertaxelrodHyphessobrycon
megalopterus Pristella maxillaris Hollandichthys multifasciatysPseudochalceus kyburzi

and Characinae

- Cartilage-filled region anterior to scapular fioren present and wider than anterior process
of scapula (387 - 1>0; 0.02; 0.46). ParalleDinongirostris JupiabaspeciesA. bahiensisA.
ribeirae, A. intermediusH. luetkenij Sp. CA. goyanensisAstyanacinus mooriOligosarcus
species, most of Stevardiinae, Cheirodontinae, &iraeie and C clade species.

Jupiaba genus.Jupiabais a poliphyletic genuslupiabaspecies appears in more than
four places at the tree and associated with diftespecies inside of the Characidaepiaba
species with dentary teeth gradually decreasingf@monophyletic clade that is part of the
Probolodini. This clade is closely related witbeuterodon genus andMyxiops 6

synapomorphies define this groupJoipiabawith gradually decreasing dentary teeth:
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-Extensive articulation of entire lateral ethmoatshl margin and frontal or mesethmoid (17 -
0>1; 0.14; 0.66). Parallel ih apenimad.potaroensis]. ocellata A. rivularis, A. goyanensis

and Aphyocharacinae.

-Expansion of lamellar portion of maxilla just pasor to toothed region very pronounced
(97 - 0>1; 0.10; 0.59). Parallel beuterodongenusA. ribeirag A. hastatusH. luetkenij A.

aff. hastatusA. intermediusCheirodontinae species aRdracheirodon axelrodi

-Denticles on gill rakers distributed along enstaface of gill rakers (202 - 0>1; 0.04; 0.62).
Parallel inA. jenynsij J. potaroensisJ. anteroidesJ. polilepys J. ocellata J. poranga
Bramocharaxclade,Astyanacinus moortiiAstyanaxspeciesHyphessobrycon megalopterus
Pristella maxillaris Hyphessobrycon equedPoptella paraguayensis Gymnocorymbus
ternetzj Tetragonopterus argenteus Hollandichthys  multifasciatys Characinae,
Heterocharax macrolepiEigenmann 1912, onchogenys ilishdlyers 1927 andryconops

species.

-Anterior tip of pelvic bone pointed, lacking assded cartilage and frequently projecting
outside body wall (263 - 0>1; 0.16; 0.50). Paraléh otherJupiabaspecies.

-Absent or just one pair of Uroneurals (306 - 18M3; 0.69). Parallel in most Characidae
fish. Among the closely related taxon it is pafdalle A. giton A. aff. hastatus Sp. A, J.

polylepis J. apenimaandJ. potaroensis

- Dark spot covering entire depth of caudal pedeipcesent (348 - 0>1; 0.16; 0.50). Parallel
in A. ribeirag A. hastatus H. luetkenij J. apenima J. potaroensisand Moenkhausia

sanctaefilomenae
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Discussion

Both molecular and morphological analyses were r@g recovering Probolodini.
The integration between different kinds of data lgnolar and morphological) to generate
hypothesis at species level increases the rigagaxonomy decision (Schlick-Steinet al.,
2010) and robustness. In fact the recovery ofdlaide twice and independently with different
kinds of data, make the hypotheses of the existehttes unit strong.

Most of the species and genera that are partisfléinge clade are endemic from
coastal drainages of East Brazil. The Atlantic taladrainages in Brazil are considered an
area of high endemism with high number of endereitega and species of Neotropical fish
(Vari, 1988; Weitzmaret al., 1988; Bizerril, 1994; Buckup, 2011; Carmelier, Ztm 2014).
The endemism and high diversity found inside ofb®todini can be explained by the
complex history in coastal drainages that showsries of connections and vicariant events
caused by sea level fluctuations through the Plegste glacial periods (Weitzmaat al,
1988; Thomaz et al., 2015). Most of these drainagesisolated from inland continental
drainages by the crystalline shield, like isolattdnds.

Patterns from cladogenesis of taxons that inhalasi@l drainages where proposed by
Ribeiro (2006), to illustrate levels of diversifi@an in different periods: pattern A suggests
ancient cladogenesis, exemplifying events thatt splbfamilies and groups of genera at
family level dating from Cretaceous; pattern B sliates events that split genera of coastal
drainages from genera widespread in trans/cis andsgion, dating from Tertiary; finally
pattern C exemplifies recent interchanges betweastal and continental drainages, that in
this case share the same species. The Probobkmims to be an example of pattern B. The
molecular hypothesis shows the endemic taxa froastab drainages (Probolodini) form a
sister group of the genuastyanax widespread from South United States to North of
Argentina (pattern B). The morphological hypothesi®wsDeuterodonsensu strictoand
Myxiops from coastal basins are sister groupJapiabaspecies from continental basins
(pattern B). The estimated minimal age for Probwmlodeems to be Tertiary, but this
assumption needs to be confirmed by a moleculakclo

The main characteristic shared by the speciesatigaincluded in Probolodini is the

teeth arrangement. Weitzman and Malabarba (1998idered the arrangement of teeth as
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more informative in phylogenetic studies than numbfeteeth in each bone of the mouth.
Twelve of the 20 synapomorfies that define Probioliodre related to teeth, being the most
evident the particular arrangement (gradually desirey of dentary teeth due to the presence
of minimum of 4 or 5 teeth always with intermedidegeth in size before remain smaller).
However, synapomorphies related with teeth andatrengement are not exclusive from taxa
within the Probolodini. Characters such as gragud#creasing dentary teeth, teeth with
space in basal portion and expanded at the uppgompohigh number of cusps, teeth aligned
in straight series, cusps aligned in straight seneaxillary teeth inserted medially and visible
in lateral position are not exclusive synapomorpha this clade and also appears in other
groups of species like Cheirodontinae @wyconamericus lethostigmusloreover, all of
these synapomorphies are absent in Probolodus,nzbeneof the ProbolodiniThis is one
example about the importance of the test of synapphiesa posteriori De Pinna (1991)
highlights the importance of testing primary hypstes of homology and after test this in
phylogenetic approaches to identify secondary hogies, or true synapomorphies to
recognize groups of taxons. In the case of Proliloa posterioritest allowed to determine
that these tooth arrangements are indeed synapbrasmpf the group independently adquired
in other members of the Characidae.

It was not the first time that a clade formed byastal characid species is
hypothesized. Coutinho-Sanches, Dergam (2015) ezedwlades with COI and RAG2 genes
composed byeuterodonspeciesPeuterodon pedriProbolodus heterostomwsdAstyanax
from coastal drainages. All species included bynthare present in this work also
correspondent to Probolodini. Rossini and colleag{#®16) in a work to demonstrate the
high diversity amongistyanaxspecies present a phylogenetic tree based orfBOhgene.
These authors found 5 major cladesAstyanaxspecies. They mentioned that the clade 5 is
the clade with higher genetic divergence betweegisp (8% vs. 1% in the other clades). It is
interesting to highlight that their clade 5 is cameed of species that in this work were found
as part of Probolodini. The higher genetic distabetveen the species inside of this clade
and between other 4 clades, are due to the facthbg are related to other genera and not
Astyanaxas currently defined.

Oliveira and colleagues (Oliveirat al., 2011) also found close relationship between

Deuterodon Myxiops and Probolodus using molecular phylogenetic analysis, also
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corresponding to Probolodini as defined herein. seheauthors make an interesting
observation about all of these genera inhabitingjegm land formations in northeastern and
southeastern region in Brazil (coastal drainag@ska of residence of primitive lineage in
other groups of fish”. All of these previously pighled data recovering the same relationschip
found in this work increases the robustness ofetkistence of this taxonomic unit that is
Probolodini.

Myxiops aphoshad different phylogenetic positions accordinghwiholecular and
morphological data in this work. Oliveirt al. (2011) foundMyxiops closely related with
Deuterodon a pattern also recovered here by morphologict. ddut with molecular data
Myxiops was more closely related td. poranga forming together the sister group of
remaining members of Probolodini. The differencanid between the molecular work of
Oliveiraet al. (2011) and this work can be explained by the staalbn sampling related to
Probolodini in their phylogenetic hypotheses. Thditon of taxa in phylogenies increases
the accuracy of the results (Heath al., 2008) leads to better understanding of the
evolutionary relationship.

Althought Myxiops is closely related with Deuterodon with 2 exclusive
synapomorphies, it is a valid genudyxiopsis defined by 22 autapomorphies and it is
endemic from northeastern basin at Bahia (Zandtanra, 2004)Deuterodorsensu strictas
also considered valid and defined by 9 synapomegpfone exclusive) and all species of the
genus are restricted to south and southeasternradilBvith limited north distribution to
extreme south of S&o Paulo (see Sdval.,2017 unpublished for more detailed information).

Deuterodon pedris not part ofDeuterodonsensu stricteand in both analyses it was
found related to two undescribed species (Sp. 1§md2) and tAstyanax pelecus the
morphological analysis. Althougib. pedri clade has high support in molecular and
morphological analyses, the species that compohisdctade are kept aacertae sedisn
Characidae family.

Probolodus is a valid genus. Ten autoapomorphies suppPBrobolodus
heterostomu3he addition of the other two valid species in #malysis may become these
apomorphies as synapomorphies for the genus, lsitatsumption needs to be tested.
Oliveira et al. (2011) hypothesized th&robolodusis closely related tdeuterodonand
Myxiops Before Oliveiraet al. (2011) and this work, some other studies hypotegksi
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Probolodusas related to Tetragonopterinae (Roberts, 1970y,G®77; 1980; and sensu
Mirande, 2010). From all the Probolodini speciésybolodusis the genus that has the most
peculiar arrangement of teeth because of theidégghiagous feeding habit (Sazima, 1977).
Because of this Sazima (1983) concluded that fhesial feeding habit dProboloduswithin
the Tetragonopterinae should be evolved becauséo aigressive beheaviour in some
ancestral. Santos, Castro (2014) hypothesizedhbatpecialized dentition éfrobolodus as
well as the predatory behavior of plucking and resatiscales could have evolved
independently inBryconexodonExodon and RoeboexodanThis hypothesis is confirmed
herein onceProbolodusis more closely related to species of the ger@emterodon
AstyanaxJupiabaandMyxiopswith completely different arrangement of teetheTgeculiar
arrangement found irProbolodusis a morphological convergence wiryconexodon
ExodonandRoeboexodoto eat scales.

Other example of morphological convergence in Gtide® is the elongate pelvic
spine. In 1997, Zanata (1997) hypothesized thama&inbers of characids that presents a
elongate pelvic spine (projecting for the main afighe body or not) are part of the same unit
and create the genuRBipiaba Inside of this genus is possible to found spensnwith
variable morphological features as dentary teethngement. The morphological results of
this work showedupiabaaspolyphyletic, with specimens appearing in more ttrae clades
inside of Characidae phylogeny. Beniret al. (2017) found the same result with
morphological molecular data, but they do not n@ntanything about the close relationship
betweenJupiaba and Deuterodon Nonetheless we found speciesJofpiabawith dentary
arrangement of four or more teeth followed by imtediary before of the small ones, as part
of Probolodini. This position was not tested witlolectular data, but because of the high
number of synapomorphies that define Probolodspassible to believe that this result can
be also recovered by this kind of data.

As in previous phylogenetic studies (Olivegtial., 2011; Mirande, 2010Astyanax
was found polyphyletic, with species appearing tileast three different clades. As with
Jupiaba species, some species A$tyanaxwith more than 4 large anterior dentary teeth
appears inside of the Probolodini. This speciesilshactually not be considered Astyanax
once they are closer to other genebBeyterodon Myxiops and Probolodu3 than with

Astyanax mexicanudlonotheless, they were widespread inside of thédtodini, as part of

49



a big politomy. Because of these weak resolutibis species Astyanax giton Astyanax
hastatus Astyanax taeniatys Astyanax microschemosAstyanax jenynsii Astyanax
intermedius Astyanax pelecus, Astyanax hamatilis, AstyanaxdrargAstyanax bahiengis
should be considered ascertae sedisuntil a more decisive phylogenetic study solve it.
Astyanaxis a genus with high complexity in Characidae, astddies with multiple
frameworks are needed to solve the real boundafigee genus. In this work, a clade is high
supported and includeAstyanax mexicanufilype species of the genus) hostédtyanax
mexicanuglade). All species included in this clade haverflarge teeth in dentary followed
by numerous teeth smaller in size (Bgtyanax lacustrisn Lucena, Soares, 2018styanax
fasciatusin Melo, Buckup, 2006) (Fig. 3a). The second tedtdentary in all species of this
clade are on a lower position than the remainingsomhis same clade is recovered by
Rossini and colleagues (2016), and is named by themrlade 1, 2 and 3. The species that
compound this clade should be considered as agifysiyanaxspecies.

The tree generated under implied weighting disajre#h equal weighting and
molecular data, once this sho®guterodonand Myxiopsmore related with Cheirodontinae
species. This analysis did not recover Probolodiacording to Congrave, Lamsdell (2016)
equally weighted analyses retrieve higher frequentypolytomies but generated less
erroneous topologies, due to more conservative actenistic of this analysis. Implied
weighting showed a more resolved tree, without foohyes, but the results are questionable.
Under this analysis the position dbeuterodon and Myxiops as closely related to
Cheirodontinae is a spurious result, once these dgemera are part of the clade C and
Cheirodontinae belongs to clade B as supportedeavigus published works (Mirande, 2010;
Oliveira et al, 2011). Whereas implied weighting generally resshpolytomies, it also
propagates errors, with a tendency towards higatssrof error when compared to equal
weighting (Congrave, Lamsdell, 2016).phylogenetic analyses, to be conservative seéems
be the best choice to avoid the establishmentrofeiand wrong classification. In general,
more robust hypotheses emerge with the use ofréiftekinds of data sets that derive from
different evolutionary constraints. A combined agwh is the best choice to solve
polytomies and it should be encouraged. The ewwlaty process is better understood when

the analyses yield testable hypotheses.
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Tab. 1. Information content, molecular model of evolutiamd characteristics of each

molecular data partition

Gene

COl ND2 MYHG6 SH3PX3
Number of sequences 209 111 125 40
bp after alignment 714 1049 780 723
Number of variable sites 269 792 163 185
Number of informative 235 749 116 84
characters under parsimony
% informative characters unde2.9 71.4 14.8 11.6
parsimony
IIa 0.24 0.31 0.30 0.25
I 0.25 0.26 0.21 0.27
Il 0.18 0.13 0.24 0.28
I7 0.32 0.29 0.25 0.20
Minimum p-distance among0.00 0.00 0.00 0.00
sequences
Overall mean genetic distanc®.14 0.37 0.02 0.03
(p-distance)
maximum p-distance among0.25 0.72 0.11 0.23

sequences

Molecular model of evolution GTR+I+G GTR+I+G GTRE+ GTR+I+G
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Fig.1. Dentary ofDeuterodon supparis lateral view, MCP 10632, paratype. The dentary
deepest at posteriormost portion, height dimishanggressively anteriorly in the toothed
portion of the bone corresponding to half to 2/3tseflength (character 393, state 1). Teeth
with all cusps nearly equal in size and shape &adtar 402, state 1). Basal portion of teeth
narrower than apical portion with a gap betweenlihses of contiguous teeth (character

4033, state 1).
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Fig.2: Dentary teeth oDeuterodon stigmaturus ventral view, MCP 14678. Teeth oriented
laterally and anteriorly, visible in ventral vieeh@aracter 394, state 1).
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Fig. 3. Maxilla of Deuterodon supparign lateral view, MCP 10632, paratype. Very small
lateroveltral projection (LP) (character 397, sthteTeeth with all cusps nearly equal in size
(character 406, state 1) and shape with basalgponiarrower than apical portion with a gap

between the bases of contiguous teeth (characterstdte 1).
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Fig. 4. Lateral view of a live specimen d@euterodon stigmaturugnot preserved). It is
possible to see the maxillary teeth aligned comtrusly with pre-maxillary teeth (character

400, state 1).
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Astyanax clade

0E

S

e Ashonax ribeime
(5= fymhessobryon luetk
,—Demem:.anm i

Deutte msng:

LEDeMemn on iguape
oas Det NS

o S
- Denderodon sin,
as iy H
2,68 _|.;E'L‘
0.6 IS" i i

i

. AShunax hastatus Probolodini

Myxiops aphos
errapinus helerodon
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Fig.7. a) Gradually decreasing of the dentary teethAstyanax pelecudMCP 17919; b)
Dentary teeth with 4 major teeth followed by onantérmediary size, given impression of 5
major teeth inAstyanax microschemddCP 34366; c) Abruptaly decreasing of the dentary
teeth ofAstyanax jequitinhonhddFRGS19070with only 4 major teeth in.
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S1.Vouchers of speimens Clear and stained used tdrachshe parcimony based tree with
morphological characters.

Voucher Species Locality
UFRGS6485 Aphyocharax anisitsi* Arroio do Salso, Rosério do Sul, Rio Grande do Brazil
UFRGS19044 Astyanax cf. bahiensis Santa Cruz Cabralia, Bahia, Brazil
UFRGS4921 Astyanax brachpterygium Rio do Marco, Sao José dos Ausentes, Rio Grande Id813ail
UFRGS8197 Astyanax cremnobates Rio Camisa, Cambara do Sul, Rio Grande do Sul, Brazil
UFRGS17469 Astyanax dissensus Cidreira, Rio Grande do Sul, Brazil
UFRGS18390 Astyanax douradilho Rio do Ouro, Maquiné, Rio Grande do Sul, Brazil
UFRGS9948 Astyanax fasciatus Cérrego Coqueiro, Pirapora, Minas Gerais, Brazil
UFRGS 4581 Astyanax aff. fasciatus Arroio Candiota., Bagé, Rio Grande do Sul, Brazil
UFRGS14814 Astyanax giton Corrego Latéo, rio Doce, Coimbra, Minas Gerais, Brazi
UFRGS11291 Astyanax goyanensis Rio dos Couros, Alto Paraiso de Goias, Goias, Brazil
UFRGS18930 Astyanax aff. hastatus Corrego Pratinha, Mimoso do Sul, Espirito Santo, Braz
UFRGS18526 Astyanax hastatus Rio Batatal, Peruibe, S&o Paulo, Brazil
UFRGS6957 Astyanax henseli Rio Carreiro, Rio Grande do Sul, Brazil
MZV4458 Astyanax intermedius Rio Doce, Santa Cruz do Escalvado, Minas Gerais, Brazi
UFRGS18913 Astyanax jenynsii Rio Imbé, Visconde de Imbé, Rio de Janeiro, Brazil
UFRGS19070 Astyanax jequitinhonhae Lagoa Juiz de Fora, Pingo D'agua, Minas gerais,iBraz
UFRGS18503 Astyanax laticeps Ribeirdo Passagem na saida de Iporanga, |porang#®,abéo, Brazil
UFRGS19054 Astyanax lacustris Lagoa Tiririca, Pingo D'agua, Minas gerais, Brazil
USNM310222 Astyanax mexicanus Kinney County, Texas, USA
UFRGS17542 Astyanax aff. michroschemos Cérrego Mumbagca, Dionisio, Minas Gerais, Brazil
MCP17919 Astyanax pelecus Pardo River, Candido Sales, Bahia, Brazil
UFRGS19324 Astyanax procerus Rio Turvo, Espumoso, Rio Grande do Sul, Brazil
UFRGS20032 Astyanax ribeirae Ribeira de Iguapé, Juquia, S&do Paulo, Brazil
MNRJ36772 Astyanax rivularis Santuario Caraga, Minas Gerais, Brazil
MZUFV4456 Astyanax scabripinnis Rio Doce, Santa Cruz do Escalvado, Minas Gerais, Brazi
UFRGS19342 Astyanax taeniatus Rio Aduelas, fazenda Sossego, Concei¢cédo de MacabdgRio
Janeiro, Brazil
UFRGS5142 Astyanax xiru Tainhas, Rio Grande do Sul, Brazil
UFRGS19407 Bryconamericus agna* Arroio Cufa-Piru, Provincia de Missiones, Argentina
UFRGS10089 Bryconops affinis* Balneario Pandeiros River, Balneério, Minas GeraisziBra
UFRGS1081 Charax stenopterus* Estagdo Ecoldgica do Taim, Rio Grande, Rio Grand8uloBrazil
UFRGS2303 Cheirodon interruptus* Estagdo Ecoldgica do Taim, Rio Grande, Rio Grand8uloBrazil
UFRGS9191 Coptobrycon bilineatus* Itatinga River, Bertioga, Sdo Paulo, Brazil
UFRGS4598 Cyanocharax alburnus* Emboaba lake, Tramandai, Rio Grande do Sul, Brazil
USNM437051 Deuterodon iguape Iguape River, Ribeira de Iguape River basin, Road Gadtiba, Sdo
Paulo, Brazil
USNM437052 Deuterodon supparis Itajai River basin, Blumenau, Santa Catarina, Brazil
USNM297926 Deuterodon singularis Tubardo River basin, Rio Fortuna, Santa Catarina,lBraz
USNM436729 Deuterodon stigmaturus Grande River, Praia Grande, Santa Catarina, Brazil
UFRGS2073044 Deuterodon pedri Santo Antonio River, Doce River basin, Ferros, MiBasais, Brazil
MCP12205 Deuterodon longirostris Cedro River, Cubatao River, Sata Catarina, Brazil
ROM61441 Deuterodon potaroensis Potaro River, French Guyana
UFRGS769 Diapoma speculiferum* Arroio dos Ratos, Séo Jerénimo, Rio Grande do SukiBra
UFRGS9916 Hasemania nana* Séo Francisco River basin, Pirapora, Minas geBaezil
UFRGS11584 Hemigrammus bleheri* Demeni River, Barcelos, Amazonas, Brazil
UFRGS12280 Hyphessobrycon elachys* Mato Grosso, Brazil
UFRGS5714 Hyphessobrycon luetkenii Lagoa Negra, Viamdao, Rio Grande do Sul, Brazil
UFRGS9826 Hyphessobrycon Sepotuba River, Tangara da Serra, Mato Grosso, Brazil
herbertaxelrodi*
UFRGS11577 Hyphessobrycon socolofi*  Turkys Aquaryium, Manaus, Amazonas, Brazil
FMNH54375 Hollandichthys Mogy River, Raiz da Serra, S&o Paulo, Brazil
multifasciatus*
ROM91457 Jupiaba abramoides Guyana
UFRGS13743 Jupiaba acanthogaster Coérrego Monjolinho Chapada dos Guimaraes, Mato Grd&aszil
UFRGS12163 Jupiaba apenima Afluente do Guaporé, Pontes e Lacerda, Mato Grdaszjl
ROM83417 Jupiaba anteroides Peru

69



UFRGS13874 Jupiaba cf. atypindi Rio das Mortes, Campo Verde, Mato Grosso, Brazil

ROM96089 Jupiaba essequibensis Guyana

ROM96166 Jupiaba mucronata* Guyana

ROM98037 Jupiaba ocellata Suriname

ROM91432 Jupiaba pinnata Guyana

ROM88393 Jupiaba poekotero Venezuela

ROM96084 Jupiaba potaroensis Potaro River, French Guyana

USNM272612 Jupiaba scologaster Negro River, Casiquiare River basin, Venezuela

UFRGS10682 Markiana nigripinnis* Poconé, Mato Grosso, Brazil

UFRGS6577 Mimagoniates rheocharis*  Terra de areia, Rio Grande do Sul, Brazil

UFRGS2084 Moenkhausia dichroura* Bento Gomes River, Paraguay River basin, Poconé, Mato
Grosso, Brazil

UFRGS5315 Moenkhausia Ibicui Mirim River, Cacequi, Rio Grande do Sul, Brazil

sanctaefilomenae*

UFRGS23403 Myxiops aphos Rio Lengois, Lencois, Bahia, Brazil

UFRGS11046 Nematocharax venustus* Cachoeira River, Itapé, Bahia, Brazil

MCP12031 Odontostilbe paraguayensis*

UFRGS7022 Odontostilbe pequira* ljui Mirim River, Pirap6, Rio Grande do Sul, Brazil

UFRGS11580 Paracheirodon axelrodi* Turkys Aquaryium., Manaus, Amazonas, Brazil

ANSP150124 Phenagoniates macrolepis* Venezuela

MCP15580 Prionobrama paraguayensis*

UFRGS8968 Pseudocorynopoma doriae* Amaral Ferrador, Rio Grande do Sul, Brazil

UFRGS18773 Sp. A Rio Ubatumirim, Ubatuba, S&o Paulo, Brazil

UFRGS18956 Sp.B Rio Santa Maria da Vitéria, Santa Maria de Jetilsiio
Santo, Brazil

UFRGS19746 Sp.C Tripui, Ouro Preto, Minas Gerais, Brazil

MZUFV3992 Sp.1 Doce River basin, Rio Doce, Minasa&eBrazil

MZUFV39335 Sp.2 Doce River basin, Rio Doce, MinasaieBrazil

FMNH103538 Xenagoniates bondi* Rio Apure, Hato Mercedes, Barinas, Venezuela

ANSP= Academy of Natural Sciences, PhiladelphiaNF The Field museum of natural
sciences, MCP = Museu de ciéncia e tecnologia déffeta Universidade Catolica do Rio
Grande do Sul; MNRJ= Museu Nacional do Rio de Jan®MZUFV = Museu de zoologia
Joao Mojeen da Universidade Federal de Vicosa; R@lyal Ontario Museum ; USNM=
National Museum of Natural history of Smithsoniastitute; UFRGS = Universidade Federal
do Rio Grande do Sul; * specimens used to exaomhethe new twentyteen characters add
to the matrix.
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S2.Table with informations and species used to cansthe species tree.

Voucher Species Sample number  Locality Genbank
acss
number
UFRGS 18508 Deuterodon langei TEC4103 Paranagua River basin KY327419
UFRGS 18525 Deuterodon iguape  TEC 4138 Ribeira do Iguape River basin KY327420
UFRGS 20032 Deuterodon iguape  TEC 4130 Ribeira do Iguape River basin KY327421
UFRGS 18495 Deuterodon suparis TEC 4651 Itajai River basin KY327422
UFRGS 18518 Deuterodon singularis TEC4087 Tubarao River basin KY327423
UFRGS 16519 Deuterodon TEC2847 Rio Trés Forquilhas KY327424
stigmaturus
UFRGS 16208 Deuterodon TEC2350 Maquiné River basin KY327425
stigmaturus
UFRGS 18629 Deuterodon langei TEC3935 Cubatdo River basin KY327426
MCP 50444 Deuterodon MCP50444 Cubatdo River basin
longirostris
UFRGS20644  Deuterodon rosae TEC5860 Itapocu River basin
CT1936 KY327428
CT1940 KY327429
Astyanax CT1882 . .
UFRGS 17542 = ¥873% CT1885 Doce River basin
CT1886
CT1890
MCP 47661 Deuterodon pedri CT2521 Doce River basin KY327434
UFRGS17543  Deuterodon pedri CT2529 Doce River basin KY327435
MCZz17510 Deuterodon pedri lectotype Santo Anténio River, Doce
River basin, Ferros, Minas
Gerais, Brazil
CT2353 KY327436
CT2765 KY327437
CT2285
CT2284
CT2293
CT2345
CT2349
MZUFV3992 Spl CT2388 Doce River basin
CT2748
CT2749
CT2492
CT2755
CT2757
CT2758
CT2769
CT2965 KY327438
CT2971 KY327439
MZUFV 4457 Sp2 CT2966 Doce River basin
CT2968
CT2969
CT2772 KY327444
MZUFV 4456 Astyanax scabripinnis CT2773 Doce River basin KY327445
Ct2493
UFRGS19746 Sp. D TEC5291A Tripui River, Doce Rivasin  KY327447
TEC5291E
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UFRGS 18433 TEC3826 Tramandai River basin
UFRGS 19147 Astyanax aff. fasciatus TEC4865A Tramandai River basin KY327448
UFRGS 19147 ' TEC4865 B Tramandai River basin KY32744
UFRGS 19135 TEC4853A Tramandai River basin KY327450
UFRGS 19135 TECA4853B Tramandai River basin KY327451
UFRGS 14913 Astyanax fasciatus TEC1056 Sao Francisco River basin
UFRGS 23403  Myxiops aphos TEC6844A Paraguacu drainage KY327452
Myxiops aphos TEC6844B Paraguacu drainage KY327453
ROM96089 Jupiaba essequibensis T15810 Essequibo River, Guyana KY327454
ROM96166 Jupiaba mucronata 716213 Guyana KY327455
UFRGS18758 Probolodus TEC4184 Paraibuna River, Paraiba do SKlY327456
heterostomus River basin
UFRGS22004  Serrapinus heterodon TEC6956 Doce River basin KY327457
UFRGS18431 TEC3824A, B, C, Maquiné River, Tramandai KY327458
D River basin
UFRGS19226 TEC4921 Mostardas River KY327459
UFRG16654 TEC2976 Uruguai River basin, Rosario
do Sul, RS, Brazil
UFRGS16502 TEC2830 Tramandai River basin, Itati,
Hyphessobrycon RS, Brazil P . .
UFRGS16524 - TEC2852 Tramandai River basin, Itati,
luetkenii :
RS, Brazil
UFRGS16543 TEC2876 Tramandai River basin, Itati,
RS, Brazil
UFRGS17510 TEC3366 Tramandai River basin,
Cidreira, RS, Brazil
UFRGS18603 TEC3896 Itajai River basin, Itajai, SC,
Brazil
UFRGS12480 TEC1288 Laguna dos Patos basin,
Camaqua, RS, Brazil
UFRGS 19342 TEC4997 Macaé River basin KY327460
UFRGS 19342 TEC5000 Macaé River basin KY327461
UFRGS 18870 Astyanax taeniatus TEC4240 Silva Jardim, RJ, Brazil
UFRGS 18884 TEC4253 Pirineus River, Silva Jardim,
RJ, Brazil
UFRGS 18888 Astyanax taeniatus TEC4261 Séo Jodo River, Silva Jardim,
RJ, Brazil
UFRGS 18516 TEC 4112 Ribeira do Iguape River basin KY327462
UFRGS 20032 TEC 4137 Ribeira do Iguape River basinKY327463
UFRGS 18615 TEC3908 Pirai River, Graramirim, SC,
Brazil
UFRGS 18647 TEC3953 Guaratube River, Garuva, SC,
Astyanax ribeirae Brazil
UFRGS 19606 TEC4100 Matinhos, PR, Brazil
UFRGS 18516 TEC4121 Passagem River, Iporanga, SP,
Brazil
UFRGS 18531 TEC4131 Martins River, Eldorado, SP,
Brazil
UFRGS 20032 TEC4141 Acungui River, Juquia, SP,
Brazil

UFRGS 15350

Astyanax altiparanae TEC1911

coérrego do Veadao, Vitoria
Brasil, SP, Brazil

UFRGS 17834

Astyanax bagual TEC3513

Carreiro River, Dois Lajeados,
RS, Brazil
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UFRGS 19044  Astyanax bahiensis  TEC4784/TEC Santa Cruz Cabralia, BA, Brazil

4786
UFRGS 21849  Astyanax TEC6844 PNAS, Uruguay River basin
brachpterygium
UFRGS 11636  Astyanax burgerai TEC1154 Santa Cru River, Belmonte,
BA, Brazil
UFRGS 18430 Astyanax cremnobates TEC3823A,B,D S&o Francisco de Paula, RS,
Brazil
TEC4863E,B,C,D
TEC4868
UFRGS 16521 Astyanax dissensus TEC2849, Trés Forquilhas River, Itati, RS,
Brazil
TEC3225A,B,C,D
UFRGS 18444  Astyanax douradilho TEC3837A, B, Maquiné River, Maquiné, RS,
UFRGS 18742 TEC3865 Brazil
UFRGS 19221 Astyanax TEC4916A, B Lagoa Bacupari, Mostradas,
eigenmaniorum RS, Brazil
CT2083
MZUFV 4459 g::gggé Doce River basin
CT2809
Astyanax giton TEC4002 . "
UFRGS 18952 TECA4767 Santa Maria de Jetibd, ES,
Brazil
TEC4038
UFRGS19058 TEC4033 Doce River basin KY327430
MZUFV 4459 CT3464 Doce River basin KY327431
TEC4146 Batatal River, Peruibe, SP,
UFRGS 18526 TEC4155 Brazil
TEC4212 Sao Pedro River, Japeri, RJ,
UFRGS 18806 TEC4217 Brazil
UFRGS 18849 TEC4222 Paraiso River, Guapimirim, RJ,
Brazil
Astyanax hastatus TEC4229
UFRGS 18930 TEC4279 Pratinha River, Mimoso do Sul,
ES, Brazil
UFRGS 18942 TEC4289 Nova Mantua River, Alfredo
Chaves, ES, Brazil
UFRGS 18904 TEC 4527 Macaé River basin KY327464
UFRGS 18906 TEC 4529 Macaé River basin KY327465
UFRGS 16525 TEC2853 Trés Forquilas River, Itati, RS,
Brazil
UFRGS 18427 TEC3820A, B, C, Maquiné River, Maquiné, RS,
Astyanax henseli D, E Braz . L.
UFRGS 19598 TEC5189A, B Lagoa Emboabinha, Osério,
RS, Brazil
UFRGS 19610 TEC5200 Lagoa Fortaleza, Cidreira, RS,
Brazil
UFRGS 18867 TEC4248 Silva Jardim, RJ, Brazil
CT2436 . .
MZUFV 4458 . . CT3175 Doce River basin
UFRGS 18739 Astyanaxintermedius “pc /) 5g Putim River, Guararema, SP,
Brazil
MZUFV 4458 g$§§gg Doce River basin
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CT2800

CT3267
MZUFV 4458 CT3207 Doce River basin
TEC4051 Lagoa Lingliica, Revés do
UFRGS 19067 TEC4057 Belém, MG, Brazil
MZUFV 4458 CT2801 Doce River basin KY327432
UFRGS18894  Astyanax intermedius TEC4554 S&o Jodo River basin KY327433
TEC4058 L Linaica. Revés d
UFRGS 19067 TEC4062 Bae?é’ri ,\'xgu'gf‘ézne"es °
TEC4064 ’ '
UFRGS 18883 TEC4259 Pirineus River, Silva Jardim,
RJ, Brazil
UFRGS 17362 TEC3264 Lagoa dos Quadros, Capéo da
Canoa
UFRGS 17509 TEC3365, D Lagoa Fortaleza, Cidrei&, R
Brazil
UFRGS 18429 Astyanax jachuiensis TEC3822A, B Maquiné River, Maquiné, RS,
Brazil
UFRGS 19133 TEC4852A, B Lagoa dos Quadros, Capéo da
Canoa
UFRGS 19151 TEC4869A, B Trés Forquilhas, RS, Brazil
TEC4271 Paraiba do Sul River basin, KY327427
UFRGS18913 nstyanax jenynsii | TEC4268 Visconds de Imbé, SP, Brazil
UFRGS 18917 TEC4272 Grande River, Sao Sebastido do
Alto, SP, Brazil
TEC4008
TEC4010
TEC4011 Lagoa Tiririca, Pingo D’agua,
UFRGS 19052 ,ﬁsqtﬁ.ﬂ?]ﬁ hoe TEC4014 MG, Brazil
TEC4020
TEC4027
UFRGS 19066 TEC4047 Lagoa Linguica, Revés do
Belém, MG, Brazil
UFRGS19070 TEC4074 Doce River basin KY327446
UFRGS18957 TECA4772 Santa Maria da Vitéria River KY327440
basin
UFRGS19055 TEC4030 Lagoa Tiririca, Doce River  KY327441
basin
UFRGS 19054 TEC4009 Lagoa Tiririca, Doce River
basin
TEC4017
TEC4024 Lagoa Tiririca, Doce River
UFRGS19055 TEC4028 basin
Astyanax lacustris TEC4030 . .
UFRGS 18513 TEC4102 Matinhos, PR, Brazil
UFRGS 18732 TEC4160 Guararema, SP, Brazil
UFRGS 18745 TEC4180 Putim River, Guararema, SP,
Brazil
UFRGS 18910 TEC4263 Macaé, RJ, Brazil
UFRGS 18919 TEC4273 Grande River, Sao Sebastido do
Alto, RJ, Brazil
UFRGS 18927 TEC4275 Pratinha River, Mimoso do Sul,
ES, Brazil
UFRGS 18957 TECA4772 Santa Maria da Vitéria River,

Maria de Jetiba, ES, Brazil
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UFRGS 18895 TEC4775 Farias River, Linhares, ES,
Brazil
UFRGS 19033  Astyanax lacustris TEC4783 Engano River, Pedro Canario,
ES, Brazil
UFRGS 16514 TEC2842 Trés Forquilhas River, Itati, RS,
Brazil
UFRGS 18251 TEC3748A, B  Maquiné River, Maquing, RS,
TEC3821 Brazil
UFRGS 18428 Maquiné River, Maquiné, RS,
Brazil
UFRGS 18432 Astyanax laticeps TEC3825 Maquiné River, Maquiné, RS,
Brazil
TEC4113 Passagem River, Iporanga, SP,
UFRGS 18503 TEC4115 Brazil
UFRGS 20031 TEC4143 Acngui River, Juquia, SP,
Brazil
UFRGS 18503 TEC4113 Ribeira de Iguapé River basin Y3442
UFRGS 18503 TEC4115 Ribeira de Iguapé River basin Y3443
UFRGS 15071 Astyanax paranae TEC1855 Uberlandia, MG, Brazil
UFRGS 19143 TEC4861 Lagoa dos Quadros, Capéo da
Astyanax procerus Canoa, RS, Brazil
UFRGS 19213 y P TEC4908A, B Lagoa Fortaleza, Cidreira, RS,
Brazil
UFRGS 11375 Astyanax rivularis TEC1213 Unai/Palmeirinha, MG, Brazil
UFRGS 18773 TEC4192 Ubatumirim River, Ubatuba,
SP, Brazil
TEC4206 I . .
UFRGS 18795 TEC4208 Taquari River, Parati, RJ, Brazil
UFRGS 18797 Sp. A TEC4210 Mambucaia River, Angra dos
Reis, RJ, Brazil
UFRGS 18822 TEC4220 Teresopolis, RJ, Brazil
TEC4228 Paraiso River, Guapimirim, RJ,
UFRGS 18860 TEC4233 Brazil
UFRGS 18502 Sp.C TEC4116 Passagem River, Ipor&iya,
Brazil
UFRGS23111  Astyanax mexicanus TEC7407 México
UFRGS 18931 TEC4282 Novo River, Vargem Alta, ES,
Brazil
UFRGS 18941 TEC4288 Nova Mantua, Alfredo Chaves,
Sp. B ES, Brazil
UFRGS 18950 P TEC4293 Gavides River, Alfredo Chaves,
ES, Brazil
UFRGS 18956 TEC4299 Santa Maria da Vitéria River,
Maria de Jetiba, ES, Brazil
UFRGS 18248 TEC3745 Magquiné River, Maquiné, RS,
Brazil
UFRGS 18438 TEC3831 Maquiné River, Maquiné, RS,
Brazil
UFRGS 18743  Astyanax xiru TEC3866 Maquiné River, Maquiné, RS,
Brazil
UFRGS 19127 TEC4846 Carvalho River, Itati, RS, Braz
UFRGS 19607 TEC5197A, B Maquiné River, Maquiné, RS,

Brazil
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MCP32007 Jupiaba poranga MCP32007 Kaiapa River, Nova Canaa do
Norte, MT, Brazil

UFRGS = Universidade Federal do Rio Grande doI8GIP = Museu de ciéncia e tecnologia
da Pontificia Universidade Catdlica do Rio Grandesdl; MCZ= Museum of comparative
zoology of Harvard University; MZUFV = Museu de zogia Joao Mojeen da Universidade
Federal de Vicosa.
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S3. Matriz with morphological data set. Polymorpigsare denoted as z= [0 1] and y= [0 2].

Puntigrus tetrazona

Acestrocephalus sardina

?00010010?01?11000000z011100001000010zz200000?010?0?01000000000201000101?01201000100100201100101000?100010000002100001?000110001??0
000011110000000000?11?011100000101000010000011001001100100?01001111000101110000101101010101110001011?11000000000000000001011?000

Agoniates anchovia

?0101000110001100000000111000010000100110000000100001100100101?00000000001100100000?00100100??1000?1000170000001000000100010001?
?10?00111100000??00?001?0111010000000000201?00100100001010?1011000100000101010000100100000011111001100?10011000100010000001111?0

Aphyocharacidium bolivianum

?00110010?z001100010010?11010011000100000001?01100001100000000100001011?010000000001000011000?100001100110010001000000100000??11
111001111010001000000001010000000000000010111010001100101000101001111000000110000100101000101010001012?1001000000000000000101010

Aphyocharax anisitsi

?00110010?0011101111010?110000??10000100001001110010110000000010001??0170100011000210000110110100001001111010001000000100000??1??
1000111z0000001?0000001010000000000000010101010001100101000?01000111000000110000100100000101010001011010010000000001000200110000
000000011000011000010001000011z00000000101010000101110001?1000112000000010000111000000001000000100?00?0?11000000??00000000100100

Aphyocharax dentatus

?0011001070011101110010?110000??10000100001001110010110000000010001??01?0100011000010000110110100001001111010001000000100000??1?
?1z0011110000001?700000010100000000100000101010100011z010100000100011100000011000010010000010101000101101001000000000100000011000
001000001100001100001000100001110000000010101000010111000000000112000000010000111200000001000000100?00???11000000??0000000010010
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Aphyocharax nattereri

?00110010?0011101110000z110000???000010000100110?0?0110000000010001???1?701000?11?0?1000011010?1000?10011110000010000001000007?1??
100011110000001?00000010100000000000000101?70010001100101000001000111000000110000100100000101010001011010010000000001000000110?00

Aphyodite grammica

?00110010?10011000100000110100100001000000000011z000110000000010101??11?010000000001000011010?100001100110000001000000100000??1?
?1100?1z00000011?0000001010000000000000010111010001100101000?0100111000000011000010010000010101000101101001000000000100000101010

Argopleura magdalenensis

?00010010?000110101000001100001100010000000010110000100000000010000z021?01000000000100001100??10000100010000212100000010001000120
000001z00100001?0000000010000000010000010100210001100102z00?010011100000101100001001000001z101000121001001100000000z20000020101000

Astyanax abramis
?00110010?10011000100000110000100001000000000010?0?02000000000001000001?01100000000100001100101???110001000011?10000001000100010

0100000000??0001?7000z000010000000000000010000010001100101000?010001z000000011000010010000010101000101001000000000000000000101010
001000001110001100001000001001111000000010101000010111000010000012000000011000111000010000010010000?01???11000000?10000000011010

Astyanax asuncionensis
?00110010?10011000100000110000100001000000000010?0?01000000000001001001?01100000000100001100101???110001000011110000001000100010

0100000000??0001?700000000100000000000000102?0210001100101000?0100011000000011000010010000010101000101001000000000000000000101010
001000001110001100001000z01001111000000010101000010111000000000012200000011000111000010000010010000?01???11000000?10000000021010

Astyanax cf. abramis

?00110010?10011000100000110000100001000000000010?0?02000000000001000001?01100000000100001100101???110001000011110000001000100010
0100000000??0001?700000000100000000000000102002100011001010000010001z000000011000010010000010101000101001000000000000000000101010

Astyanax cf. asuncionensis

?00110010?10011000100000110000100001000000000010?0?01000000000001001001?01100000000100001100101???110001000011110000001000100010
0100000000??0001?7000z0000100000000000000101000100011001012000010001100000001100001001z2000010101000101001000000000000000000101010

Astyanax cf. eigenmanniorum1

?00110010?1001100010000111000010000100000000001100001000000000001001001?01000000000100001100101??0110001000001010000001000100111
01000010001z0001?00z0000010000000000000010100010001100101z0010100011000000011000010010000010101000101001000000000000000000101010

Astyanax cf. eigenmanniorum?2

?00110010?100110001000001100001000010000z2000001100001000000000001001001?01000000000100001100101??0110001000001210000001000100111
01000010001z0001?0000000010000000000000010100010001100101000z0100011000000011000010010000010101000101001000000000000000000101010

Astyanax cf. rutilus
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?00110010?1001100010000111000010000100000000001100001000000000001001001?01000000000100001100101??011000100000z210000001000100z11
0100001000110001?001000101000000000000001010001000110010100010100010000000011000010010000010121000101001000000000000000000101010

Astyanax chico

?00110010?1001100010000011000010000100000000001100001000000000001001001?01200000000100001100101??0110001000001110000001000100111
01000010001z0001?000000001000000000000001017001000110010100010100011000000111000010010000010101000101001000000000000000000101010

Astyanax correntinus

?00110010?1001100010000111000010000100000000001z0000z2000000000001001001?01000000000100001100121??0110001000001110000001000100110
0100001000110001?00000000100000000000000101000100011001010001010001100000011100001001000001010100010100100000000000000000010101

Astyanax endy

?00110010?1001100010000011000010000100000000001100001000000000001001001?01000000000100001100101000110001000001210000001000100111
01000012001z0001?0000000010000000000000010100010001100101000z0100011000000011000010010000010101000101001000000000000000000101010

Astyanax latens

?00110010?1001100010000011000010000100002000001z00001000000000001001011?01000000000100001100101000110001000002210000001000100011
01000011z0100001?000100101000000000000001010001000110010100020100010000000011000010010000010101000101201000000000000000000101010

Astyanax lineatus

?001100107z0011000100000110000100001000000000010?0?01000000000001000001?01100000000100002100101??0110001000011110000001000100010
01000010001z0001?00020000100000000000000101?1010001100101000?0100011000000011000010010000010101000101001000000000000000000101010
001000001110001100001000z0100111z000000010101000010111111000000012000000011000111000000000000000000?0100?11000000?10000000021010

Astyanax mexicanus
?00110010?10011000100z0011000010000100000000?01100001000000000001000001?01000000000100001100101??0110001000001210000001000100011
0100001000110001?000000101000000000000001010001000110010100000100011000000011000010010000010101000101001000000000000000000101210
001000001110001100001000z010011100000000101010000101110000000000120000000100001110000000000000?0000?00???12000000?10000000011010
0000000100000000000000000?010

Astyanax paris

?00110010?1001100010000011000010000100000000001100001000000000001000001?01000000000100001100101000110001000000110000001000100011
01000011z0100001?002100001000000000000001010001000110010100000100011000000011000010010000010101000101001000000000000000000101010

Astyanax pelegrini

?00110010?1001100010000011000010000100000000001100001000000000001001001?01000000000100001100111??0110001000011110000001000100010
0100001000110001?00000000100000000000000101010100011001010001010001000000001100001001000001010100010100100000000000000000010101

Astyanax puka

?00110010?1001100010000011000010000100002000001100001000000000001001001?01000000000100001100101??0110001000001210000001000100111
0100001000110001?00000000100000000000000101000100011001010001010001100000011100001001000001010100010100100000000000000000010101
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Astyanax troya

?00110010?100210001000001100001000010000z2000001100001000000000001000001?01100000000100001100101??0110001000001110000001000100111
0100001000110001?000000001000000002000001010001200110010100020100011z000001110000100100000101010001010010000000000000000001012100

Attonitus ephimeros

?00110010?00111010100z0?110000110001000000001010?0?01100000000100000011?0100010000011??01100101000011001100000110000001000100011
1000001110100001?00000000100010000100000101010100011001000001010111110000101100001001000001010100010100100110000000000000000101

Aulixidens eugeniae

?0011001??2001001010010711000010000100000000101100001100000000100000011?0100000000011??01100100???01100110000111000000100000??111
000000000??0001?0010001010010000?100000101?101000110010100070110111100001011000011?100000101010001011010010000000002000000000100

Axelrodia lindeae

?001100107z001100010000111010010000100000001?01100001100000000?010010?1?010000000001000011010?100001100110000001000000000000??1??
110011110000011?01000010100000000020000[12]0111010?01100100100001000111000010100000100101000101010001011?100100000000000000010101

Bario steindachneri

?00110010?1001100010010?110000100001001010000011z000110000000000100z0?1?01000000001100?01100??1000010001000001010000001000100011
01000012001z0001?00010000100000000000000101?0010001100101000?0100011000000011000010010000010101000101001000000000000000000101010

Bramocharax bransfordii

?0?111010?1001100010000011000010000100000000001110001100000000001000001?01000000000100?01100??1000?10001000001210000001000100011
0z00001111110001?0000000011000000000000010100010001100101000?0100011000000111000010010000010101000101001000000000000000000101110

Brycinus carolinae

???01??111?001???0?0011?1100000?000121?1?100?000?0?0110001000?000000000101001000?11????0?1100?0???21?00010101011100000100010?02000
00000000??000010000000000001000?100000201?101?0?000?1??100?11???1000000???1000010010??000?111?000000?000000001000100000010???0001

Brycon falcatus

?010100z0?100z100010000111000010?00100?100000001?0?011000000???01000000111101000010000?00100111000?10000?000?011000000100011?0110
1010011111000001000200001?000000?000000200?001?0000001??100?0100010000100111000010010000000111000110000000000010001000000??11000

Brycon meeki

?0?0100z0?100010??10000111000010?00100?100000001???010?000000?001000000100101000??0000?0?100??1000?100000000?011000000100011?01?0
10?0011111000001000??0?01000?000?00000020??001000?000111100?0100??0000?001?10?0010010000000111?002100??0000000?0001000000001?0000
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Brycon orbignyanus

?01010000?1001100010000111000010000100?100000000?0?0z000000001001000000102101000010000?00100111000?1000000001011000000100011?111
011100111111000010000000010200000100000020000010000100111100?0101110000100111000010010000000111000110000000000010000000000001100

Brycon pesu

?0?0100z0?1001100010011?11000010?001001101000001100011000000010000000001021010000?0000000100111000?1000000001011000000100011?011
01010011111000001000z000012000000z00000020000010000z00111100?01000110001001110z00100100000001110001000000000000100010000000010000

Bryconaethiops macrops

??101000111001??001001z?1100000?000121?10000?000?0?010000100??00000?0001?1001000?1100??0?1000?0???21000010101011100000100011?02000
00000000??000010000000000001000?100000201?10100?000?1??100?11?111000000??110??010010??0001111?001?00?0000000010001000000z01000001

Bryconamericus agna

?00110010?0001101010000011000011000100000000101100001100000000100000011?0100000000011??01100101020010001100011110000001000100111
0000001100110001?000000001000000001000001010101000110010100000101111100000011000010010000010101000101001001000000000z200000001010

000?0?0101001000000000z01????
Bryconamericus alpha

?00110010?z0011010100z0?11000011000100002000101100001100000000100000011?0100020000011??01100101000010001000011110000001000100z110
000001100110001?000000001000000001000001010101000110010100000101111100000011000010010000010101000101101001000000000000000001010

Bryconamericus cf. iheringii
?00110010?0001101010000011000011000100000000101100001100000000100000011?01000z0200011??01100101000010001100001110000001000100011

00000011z0100001?000000001000000002000001010101000110010100000111111000000011000010010000010101000101001001000000000000000001010
0010000011000001000000001000011200000000101010000101111101100001120000000110001110000000000000001000000??11100000?10000000021010

Bryconamericus cf. rubropictus

?00110010?0001101010000111000011000z200000000101100001100000000100000011?0100020000011??01100101000010001100001110000001000100011
0z00001110100001?000000001000000002000001010101000110010100000111111100000011000010010000010101000101201001000000000000000001010

Bryconamericus mennii

?00110010?0001101010000011000011000100000000101100001100000000100000011?0100020000011??01100101000010001000021110000001000100011
00000011z0100001?000000001000000001000001010101000110010100000100011100000011000010010000010101000101001001000000000000000001010

Bryconamericus rubropictus

?0011001070001101010000211000011000100000000101100001100000000101000011?01000101?0011??011000?1000010001100001110000001000100011
00000011z0100001?000000001000000002000001010101000110010100000111111z00000011000010010000010101000101101001000000000000000001010

Bryconamericus scleroparius
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?00110010?1001101010010?110000100001000000000010?0?01000000000000000001?0110000000010000110010100011000100000111000000100010z011
0000001100110001?000000001000000000000002010001000110010100000100011z00000011000010010000010101000101001000000000000000000101110

Piabina thomasi

?00110010?0001101010000211000011000100000000101100001100000000100000011?0100010000011??011000?1000010001100001110000001000100011
00000011z0100001?000000001000000002000001010101000110010100000111111100000011000010010000010101000101001001000000000000000001010

Bryconops affinis
?01010010?10011000100001110000100001001100000001100011000000110010010000111010000101000001100?100021000100000001000000100010?012
01000011001z0001?0001000010000000000000020110010000100111100?1100011000000111000010010000011101000110000001000010001000000001000

001000001z0000110000100110000111z0000000101010100111110000000001120000000100001110000000000000?0??0?00???10000000?10000000011010
000z0?0100000000000000000????

Bryconops melanurus

?01010010?10011000100001110000100001001100000001100011000000112010020000111010000101000001100?1000210001000000010000001000100111
01000011001z0001?000100001100000000000002011001000010011110010100011100000111000010010000011101000110000001000010001000000001000

Carlana eigenmanni

?001100107z0011000100z001101101000010000000000111000100000000000001??11?010000000001000011010?1002?1z10110000001000000100000??111
10000117zz111101?0000z00012200000000000010110010001100101000001011111000000110000100100000101210001012??00000000000000000010111000

0001000000001?000101?01000100000z000020101010?0000010100001000111100?000100100100100000000?100010100000??001100?00?0111????010000
0010110000000110000011001011z0000020101020000001100007??0001101010000100011110000000000000100?0?10???11000000?100000000100000?1??

Chalceus macrolepidotus

?01110010?1001100010010?110100100001021100000000?0?011000000000010000000111110000010000001100?1000?1000010001011000000100011?011
0100001111100000100000000100010000000000201?0010000000111100?1100011000000011000010010000001111000000000000000010001000000101000

??0?0000??0001?000010001000001000010002010101000000011100001101111100?010100000100110000000?10000000100011000?001001000010100000
1100000010001000001000100000000000002110101000000101000000?0011200000000????111110000000000011000?00???11000000??00000000100100?

?0?0000??0001?000010101000001000?10002010101000000011100001101111100?010100000100100000002?10000010100010000?0010010000101000001
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Cheirodon interruptus

?00110010?0001101010010?1101001?000100000000001100001100000000100001011?0100000000?1000011010?1??101100110010001000000110000??11
1100001000110001?0000101010000000020100010101010?0111010100020121111000000011000010010000010101000101101000000000000000000101010

001z0?0100z01000001111111????

Coptobrycon bilineatus

Cyanocharax sp.

?00110010?0001101010000011000011000100000000101z0000110000000010000z021?0100000000011??011010?10000100010000012100000010001000110
z00001120z00001?00000000100000000100000101012100011001010001010211100000001100001001000001010100010100100??0000000020010022101000

Engraulisoma taeniatum

?01010010?00010?z0?00z001100000?000101010000?000?0?0110010010?00001??00000000000010z??00?1100?1???01000101000001000000100010?01100
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Galeocharax humeralis

???0011110000000000011?01110000010100001000001z00100110010000100111201?1011100001011010102011100012z110112000000000000000010111000
100000110000110000100000101111110000001010101001111100000002010??0000101001111100?000000000010??0?00???11100000??000000001001000

Grundulus cochae

?0011011??00011010100000110000110001000000000010???01100000000??100???1?01?0??01?00????0???10?1000?10001100000210000000000007?1??1
100?11110000z1?0000101010000000?000000101?1010001100101000?0101111z00001011000010010000010101?00z201001000000000100000000201010000

Gymnocharacinus bergii

?00110010?0011?010z00000110000110001000000000010?0?01100001000??1?0???1?010001000?0?00001100??10000100011000001100000011001001111
000001100110001?000000101000000000000001010001000110010010000101111000001011000010010000010101000001001000000000100010000011010

Gymnocorymbus ternetzi

?00110010?100110001000011100001000010010z2000001110010000000000001001011?01000000000100001100101??0010001000000010000001000100011
0100001000100001?00110010100000000000000101?0010001100101000?0100011000000111000010010000010101000101001000000000000000000101010

Hasemania nana

?001z0010?100110001000001100001000010000000000111000110000000000001??11?010000000001000011010?1??0010001000000010000001000100011
010000z000??0001?70000101010000000000000010110010?0110010100010100011z00000011000010010000010101000101101000000000000000000100010

1100?00000010?70000000??0????
Hemibrycon dariensis

?001100z0?z001101010000011000011000100000000001100001100000000100000011?0100000000011??01100101000010001000001110000001000102z110
000001110110001?0001000010000000000000010100110001100101000001000111000000110000100100000101010001010010010000000000000002010100

Hemigrammus bleheri

?00110010?z001100010010?11000010000100101000001110001100000000001001011?010000000001000011010?1??0010001100000110000001000100011
110000z000100001?000000101000000000000001011001000110010100000100?11200000011000010010000010101000101001001000000000000000101010

0000?00000010?0?01111??0????
Hemigrammus erythrozonus
?00110010?100110001000011100001000010000100000111000110000000000101??11?01000?00000100?011010?1000010001100000110000001000100011

11000011z0110001?000000101000000000000001011001000110010100000100?11100000011000010010000010101000101101001000000000000000100010
00z0000011100011000010000000011z0000000010101000010111010201000?1200000021000?1?1000000000000000??0?0000012200000?100000000110100

Hemigrammus ulreyi

?001100107100110001000011100001?000100101000001110001000000000001001011?701000000000100001101101000010001000000010000001000100011
01000011z0100001?000100101000000000000001011001000110010100000100011z00000011000010010000010101000101101001000000000000000101010

Hemigrammus unilineatus
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?00110010?1001100010000z11000010000100?010000011z0001000000000001001011?010000000001000011010?1000010001000000010000001000100011
01000011101z0001?000z0010100000000200000101?7001?001100101200?0100011z000000110000100100000101010001011010020000000000000001010100

Hollandichthys multifasciatus

?0011001072zz011000100000110000100001020000000010?2?0100000000120101??11?010000000001000011010?1000?100010000002100000010001000110
100001111100001?000021?011100000000000010110010?01100100100z01000112000z011100001001000001012100010101100000000000000000010111010
00000011z00011000010001010011110000000101010000101110001000001120000000100?011??0?0000000000000?0?0011111000000?1000000001001000

Hyphessobrycon anisitsi

?00110010?1001100010000011000010000100002000001100001000000000001001001?010000000001000011010?1000110001000001210000001000100011
01000012001z0001?000000001000000000000001010001000110010100000100011z00000011000010010000010101000101001000000000000000000101010
001000001110001100001000101001110000000010101000010111000000000112000000010000111000000000000000000?00???11000000?10000000001010

Hyphessobrycon bifasciatus

?00110010?1001100010000011000010000100000000001z00001000000000001001011?010000000001000011010?1??0110001100000010000001000100111
0100001000110001?000000101000000000000001010001000110010100010100011200000011000010010000010101000101101000000000000000000101210
001000001110001100001000001001111000000010101000010111000000000112000000010000111000101000000000000?00???11000000?10000000001010

Hyphessobrycon elachys

?00110210?100110001000001100001001?10000200000112000110000000000100???1?01?0??01?0?1000011010?1???010001??000001000000100010001101
00000000??0001?00000010100000000000000101100100011001010000010111100000101100001001000001010100010110100100000000000000010001000

Hyphessobrycon eques

?00110010?1001100010000111000010000100001000001110001000000000010021011?010000000011000011010?1000010001100000010000001000100011
01000011101z0001?000010101000000000000001011001000110010100000100011000000111000010010000010101000101101000000000000000000101210
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001000001110001100001000000001111000001020101000010110000???200112000000010000111001100100000000?00?00???12200000?100000000110100

Hyphessobrycon herbertaxelrodi
?00110010?10011000100000110000100001000010000011100011000000000010010?1?010000000001000011010?1000010001000000010000001000100011
0100001110100001?000100101000000002000001010001000110010120000100011100001011000010010000010101000101101001000000000100000100010
001000001120001100001z0000200111000000001010100001011100000100011200000001000?1?1000000000000000070?00???11100000?100000000100100
011??0z200000000000000001????

Hyphessobrycon meridionalis

?00110010?100110000000001100001000010000000000110000100000000000100???1?01?0??01?001000011010?1000110001100000010000001000100111
0100001100110001?000000101000000000000001010001000110010100000100011000000011000010010000010121000101101000000000000000000101010

Hyphessobrycon pulchripinnis

?00110010?1001100010010?1100001000010000200000112000110000000000001??01?012000000001000011010?10000100011000000100000010001000110
100001100110001?000000101000000000000001011101000110010100000100011100000011000010010000010101000101z010010000000000000001010100

Hyphessobrycon socolofi

?00110010?1001100010000011000010000100002000001110021z00000000010001011?010000000001000011010?1000010001100000010000001000100011
0100001110100001?000000101000000000000001011001000110010100020100010000000011000010010000010101000101101000000000000000000101010

000???0000000000000000001????
Iguanodectes geisleri

?01010010?1001100010010?11000010000100110000??11100011?000000700000101001100000001000000?100??1???2000?11000101100110010001000110
100000000??0001?0000?0110000?100?000001201?10100001001?1100?010111110000?0?0020010010000011101000212?0?001100010002000?20001000001

Inpaichthys kerri

?00110010?1001107010010?11000011?00000000000001101001101?0000010001???1??100?0000001000011010?100001000110000021000000100000??1??
1z0011110100001?0000001010000000000100010111010001100101000001000111000000110000100100000101010001011010000000000000000001010100

Jupiaba mucronata

?00110010?10011000?000011100001000010010z2000001110001000000000001001011?01000000000100001100101000010001000000210000001000100111
01000011z0110001?00000000100000002000000101000100011001011000010??112000000110?0010010000010101?00101001000000000000000000101010

000?0100001000000000001????
Jupiaba scologaster

?00110010?1001100010000111000010000100100000001110001000000000001001011?01000000000100001100101000010001000000010000001000100111
0100001110110001?000z0000100000002zz000001010001000110010010010100011100000211000010010000010101000101001000000000000000000101010
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Knodus breviceps
?00110010?z001101010010?11000010000100000000101100001100000000100002011?0100000000011??01100??100001000100001111000000100010z0110

000001100110001?00000000100000000100000101?10100011001010007010111110000001100001001z20000101010001010010010000000000000000000100
010000011000001000000001000011200000000101010000101110002000001120000001110001???0?0000000000?0??00000??11100000?1000000001101000

Knodus heterestes

?00110010?00011010100z0111000011000100000000101100001100000000100000011?01000z20000011??01100??10000100011000211100000010001001110
000001100110001?00000010100000000100000101?1110001100100100701001111000010110000100100000101010001011010010000000000000000000100

Knodus meridae

?00110010?0001101010010?11000011000100000000101100001100000000100000011?01000z0000011??01100101000010001000011110000001000100z11
0000001100110001?000010001000000001000001012101000110010100010101111100000011000010010000010101000101201001100000000?00000000010

Markiana nigripinnis

?001100z0?100z1100100000110000100001010000000010?0?0z010000000100000001?01101000010102002100101???2100010000111100000010001000110
000000000??0001?0000000010000000000000010101011101100101000001000110000000110000100100000101010001010010000000000000000001011000
010000011z0001100001000101001111100100010101000011110000???00110??000011110001100000000000000000?0?01???11100000?1000000000101000

Metynnis maculatus

?01110010?1001010010000z110000100001010100000000?0?1000000000100101???00010000000000000001000?1???21000100001011000000100010000??
001000000??0000110000010100000000000000?10?1010000?00100100101011110001000100000100100000001110011011000000000100000000001010000

Micralestes stormsi

?01110011110011?0010010?1100000?000101110000?000?0?01100010000000100001?01000100011z000001100?0???2100011010111100000010001001110
000000000??000010000001010001000010000020101010000100100100111001112000000110000100100000011110001010000010000100010000000010000

Microschemobrycon casiquiare

?0011001070001100010010?1101001000010000000z001120001100000000100000011?0100000000011??011010?100001100110000001000000100000??1??
110011110100011?000000101000000001000001011101z2001100101000101001111000000110000100100000111010001011010010000000000000001010100

Mimagoniates rheocharis
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?00110010?z00110?0?000001100001??0000000z0000211000011000000011000z?011?010?00?000?1???0?101??100001000100000101000000100010001101
00001110100001?0000000010000000020000010101210?01100101100?0100011z000000110000100100000101010001010?100??00000000000100001010200

0?0100001000000000??1????
Moenkhausia cf. intermedia

?00110010?1001100010000111000010000100102000001110001000000000001001011?01000000000100001100101000010001000000010000001000100011
0100001z00100001?000100101000000000000001011001000110010100010100111000000011000010010000010101010101001001100000000000000100010

Moenkhausia dichroura

?00110010?1001100010000111000010000100101000001110001000000000001001011?01000000000100001100101000010001000000010000001000100010
010000zz00100001?000100101000000000000001010001000110010100010100110000000011000010010000010121010101000001000000000000000101010

Moenkhausia sanctaefilomenae

?00110010?10011000100000110000100001000020000011z000110000000000000z011?01000000000100001101101000010001000000210000001000100011
0100001200110001?00010010100000000000000101?0010001100101000?0100011100000011000010010000010101000101001000000000000000000101010
001000001110001100001000z00001110000000010101000012110000????0011110000011000?111000000000001000??0?0000012000000?100000000210100
00?1?0000??1000000000001????

Moenkhausia xinguensis

?00110020?1001100010000111000010000100101000001110001000000000001001011?01200000002100001100101000010001000000010000001000100011
0100001200110001?000100001000000000000001010001000110010100010100011000000211000010010000012101000101001000000000000000000101010

Nematobrycon palmeri

?001100107z001100010010?1100001100010000100002111000100000000000001??11?0100000000?100001100??1000?100012000011100000010001000110
0000?1111100001?00000010100000000000000101?101000110010??00?0100111z000010110000100100000101010001010010000000000002000001010100

Nematocharax venustus

?00110010?1001100010000111000010000100000000001110001000000000001000011?010000000001000011010?1000?10001000000210000001000100111
110000111111?001?000000101220000000000001011001000110010110000100011100000011000010010000010101000101001000000000000000000101010

0z000010zz00010000021001????
Odontostilbe microcephala

?00110010?0001101010010?11010010000100000000001100001100000000100001001?0100100000010000110010100101100110010001000000110000??11
1100001100110001?00001010100000000101000101010100011101010001010111100000001100001001000001010100010110100100000000000000010101
0011000001110011100001000100001110000000010101000010111000010000112000000010000111001000000000000100?00???11100000??000000002101

Odontostilbe paraguayensis

?00110010?0001101010010?11010010000100002000001100001000000000100001001?0100000000110000110010100101100110010001000000110000??11
1100001100110001?000020101000000001010001010101000111010100000100011100000011000010010000010101000101101001000000000100000101010
011000001110011100001000001001110000000010101000010111000010000112000000010000101001000000000020100?0000011100000??0000000021010
0007z?0000100000001111111????

Odontostilbe pequira

?00110010?0001101010010?1101001?000100000000001100001100000000100001001?0100000000010000110010100101000110010001000000110000??11
1100001100110001?0000001010000000020z000101?101000110010100000100011000000011000010010000010101000101101001000000000000000101010
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011000001110011100001000100001110000000010101000010111000010000112000000010000111001000000000000100?0000011100000??0000000021010
00010?0100z00000001111111????

Paracheirodon axelrodi

?00110110?100110001000011101001000010000100000111000110000000000100???1?01000?0000010000?1010?1??101000110000001000000100000??11
1100001000110001?0000001010000000000000010111010?0110010110000120011000000011000010010000010101000101001001000000000000000100010

00z?0000101000002111111????
Paragoniates alburnus

?00110010?0001101110010?110000??1000010000?0??10?0?01000??1?001?00000?1?0100011000?100001101101000?100?11?000001000000100020??1??1
000?1111100001?000000101000??00?0000?0101??0100?11001010?0?0100??1000000011000010010000010101000101???001000100000100022????00001

Parecbasis cyclolepis

?001100107z001100010010?11010010000100000000001110001000000000100000001?01000000001100?01100??1???01100110010001000000100000??1??
110010000??0011?00000010100000000000000101?0010001100101000?01011100000000110000100100000111010101010010010000000000000001010100

Phenacogaster tegatus

?00110010?0001100010000111000010000100000000011100001000000000201001011?010000000001000011010?1000?10001100000010000001000100011
0110001111000001?000000101000000002100001011001000110010100000100011100010111000010010100010111000101101000000000000000000101010

Phenagoniates macrolepis

?00110010?00111011100z0011000010?00001000010?210???01000001000100000011?01000010000100?01101101110?100?101000001001000100000??111
1000?1111100001?00000011100000000000000101?1010001100101000?0100011100000011000010010000010101000111??1001000000000100000??10000

?0?0101000011000000001????
Piabucus melanostomus

?11010010?10011000100z0011000010000100110000?1011000100000000?0001010100010000000101000011001010112000?110001011000100100000??11
0100001100110001?000000110000110000000012010101000210010010010101111000000010000010010000010101000010100011000110001000011??1200

Piaractus mesopotamicus

?01110010?10010100100z01110000100001010100000000?0?0z000000001001000000001101000010000000100101???21000000001011100000100010000??
001000000??000010000000010000000001000021001010000?00100100001011100001001100100100110000001110011010001000000100000000001011000

Poptella paraguayensis

?00110010?1001100010000111000010000100101000001110010000000000001001011?01000000000100001100101000010001000000010000001000100011
01000011z01z0001?0011000010000000000000010100010001100101z0010100011000000111000010010000010101000101001000000000000000000101010
000000001011001100001000001001111000001010101000011111010000200112000002110000111000002000000010000?0?00?11000000?10000000001010
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Prionobrama paraguayensis
?00110010?0011101110010?110000??10000100001001110010110000100010001???1?01000110000100001101101000?1000111000001000000100000??1??

110011111000001?0000001010000000010000010101010001100101000001000110000100110000100100000101010001011?1001000000000101000?010000
0000000110000010000000010001111100000000010100001011100010000011200000001000?101000000000000010100?0000011100000??00000000100100

Pristella maxillaris
?00110010?1001100010000z11000010000000000000021110001100000000010001011?01000??000110000?1010?100001z00110000001000000100010?0110

1000011zz000001?0010001010100000000000010110010001100101000001202110000101110000100100000101010001010010010000000000000001010100
010000011100011000010000000011100000000z01010000101110000010001120000001100001010000001000000000?0?00???12z00000??000000001001000

Prodontocharax cf. melanotus

?00110010?000110z010010?1101001100010000z000?01100001100000000100001011?01000000002100001100101010?1100110010021000000100000??111
1000011111z0101?0000001010000000010100010111010001100101100001111120000000110000100100000101010001011010010000000000000001010100

Psellogrammus kennedyi
?00110010?1001100010000011000010000100002000001100000000000000001001011?01000000000100001102101???110001000011110000001000100010

0100000000??0001?7000000101000000000000001010101000110010100020100011000000011000010010000010101000101201000000000000000000101010
001000001110001100001000001001111100001010101000010110000???02001200000001100011100?000000000000000?01???11000000710000000001010

Pseudochalceus kyburzi

?00110010?10011000100z001100001000010000000000111000z00000000000001??11?0?0000000001000011010?1000?100010000002100000010001000110
100001111100001?000z11?011100000000000010100010001100101000001000110000010110000101100000101010001010110000000000000000000011100

Rhoadsia altipinna

?00010010?00011000100z011101101000010000000001111000z00000000000001??11?010000000001000021010?10120121011000000100000010001000111
10000112zz111101?0000z0001zz200000000000010110010001100101000?0100111000007?1100001001000001010100010100100000000000000000000111000

Roeboexodon guyanensis
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???001111000001?000011?011100000101000010000011001000100100001000110000101110000101101010101110001011011100000000000000001011100
010000011100011000010000010111111000110101010z0011110000???0000120000010100111110010100000000000?0?00???11100000??00000000100100

Salminus brasiliensis

??1010000?01000000z001z?11000010000102210000?000???01100000001201000000101101000?10000?00100111000?1000100000001000000100010001??
1100011112000000000011?011100000?000000100?0010000101111100?01000100001101010000100100000001110000100000000000100000000001011000

Serrapinnus calliurus
?00110010?0001101010010?11010010000100002000001100001100000000100001001?7010000000011000011010?100101100110010001000000110000??11

1100001100110001?00001010100000000101000101010100011101010000011001110000001100001001000001010100010100100100000000000000010101
0001000001110001100001000001001110010000010101111010111000110100112000000010000101001000000000020100?0000011100000??000000000101

Stethaprion erythrops

?00110010?1001100010000111000010000100101000?01110010000000000001001001?01000000000100001100101000010001000000010000001000100011
0100001200100001?00110000100000000000000101?0010001100101000?0100??10000000?10000100?0000010101000101???000000000000000000101010

Stichonodon insignis

?0?110010?100110?010000?110?0010000100?00000?011100100?0000000000001011?010000000?1100001100101???0100011000000100000010001000110
100010000??0001?001000101000?000?100000101?0010001000101000?01000100000?0011000010010000010101010101???000000000000000000101?10?

Thayeria boehlkei

?00110010?1001100010000211000010000100101000001110001100000000001001011?01000001?001000011010?1??00100010000001100000?1000100011
0100001000100001?000100101000000002000001011001000110010100010100011200000011000010010000010101000101000001000000000000000100010

Thayeria obliqua

?001100107z001100010010?11000010000100101000001110001100000000001001011?010000000001000011010?1??0010001000000210000001000100011
010000z000100001?0001001010000000000000010110010001100101000?0110011000000011000010010000011101000101000001000000000100000100010
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Thoracocharax stellatus
??201????0?00010?1100011?1100000??001000001000000?0?01100100001?701?1???1?000???0000?000?0????0?100001000111000001000000100010001101

100011z0000001?000001?010101000000000020101010000000001000?0000111000?000100100100110??0000?100010100000??001?00?00?0111????01000
000101100001001101110110010111100002000101000000110000???000110101001010001110000000000000110?00?00???11220000?10000000010000071?

Triportheus nematurus

?01110000?1001100010010?1100001000010010000000010000110010001000000100010000100001000100010011100021000000001011000000100011?010
010100110010000010000001010000000z0000102010101100000011100001000010000100011000010010010001111100100001000011110000070011??1100

Triportheus pantanensis

?01110000?1001100010010?1100001000010010000000010000110010001000000100010000100001000100010011100021000000001011000000100011?010
010100110010000010000001010000000z00001020101011000000111000010000100001000110000100100100011111001010010000111100000?0011??1100

Xenagoniates bondi

?00110010?0011101110010?110000??1000010000100110?1?010000?100010?00?0?1?0?00011000?1???01100??1110??00?1??0011?1001000100000??1111
00001111100001?0000001110000?100000000101?1010001100100?1000100011100000011000010010000010101000111101001100000000000021????0000

0?0101000011001111011????
Astyanacinus moorii

?00110010?1001101010000011000010000100001000?01100002000000000y01000001?01100000000100001100101000110001000002110000001000100011
01000011z0110001?000100001z00000000000001010001000110010100000100011000000111000010010000010101000101001000000000000000000101110

Bryconamericus emperador

?00110010?10001010100000110000100001000000002010?0?01000000000z200000001?01000000000100001100101000110001000001110000001000102011
000000110010?001?0001000010000000000000020100010001100101000001000110000000110000100100000101010001010?1000000000001000000101010

??0001111100001?000101?011100010100000010100011101100101000101000110000101110000100100000101010001010010000000000000000001011100
010000011z0001100001000100001112000000010101000011111000210000112000000010000111000000000000010000?00???11000100??000000001001000

Oligosarcus itau

?00111010?1000100010000011000010000100000000001100001000000000201000001?01000000000100000100101000?10001000000110000001000100011
0100001111100001?0000000011000010100000010000012z10110010100000100011000000111000010010000010121000101001000000000000000000101110
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Oligosarcus longirostris

Oligosarcus menezesi

?00z11010?10?0100000010?1100001000010000000000110000100000000020101??21?01000000100100001100101000?10001000000110000001001100011
100?001111100001?000101?011100010100000010z00011101100101000?0100011000000111000010110000010101000101001000000000000000000101110

Oligosarcus pintoi

?00111010?10?1100010000111000010000100000000001100001000000000201000z01?01000000100100001100101000?10001000000210000001001???011
1000001111100001?000z01?011000010000000010z20001110110010110010100011000000111000010010000010101000101001000000000000000000101110

Creagrutus anary

?00110010?1001101010000011100011000100000000101100001100000000100000011?0100010000010000110010101001000100001111000000100011?010
00000011z0100001?0000000110000000010000010101012001100100z0000100011000001010000010010000010121000101001001100000000010000000010

Creagrutus atrisignum

?0011000z1000z1010100z011110001z000100000000101z00001100000001100000011?01000z20000010000110010101001100100001111000000100011?0100
0000011z0100001?0000000110000000010000010000010001100100000001000111000000000000100100000101010001010010011000000002100000011100

Creagrutus meridionalis

?001100011000z001010000111100011000100000000101100001000000001101000011?0100000000010000110010101001000100001111000000100011?010
0000001100100001?000000011000000001000001010001000110010000000100011100001010010010010000010101000101001001100000000210000001010

Creagrutus taphorni

?00110010?0001101010000011100010000100000000?01100001100000000101000011701000100000100001100??101001000100001111000000100011?011
00000011z0100001?0000000110000000?100000100?101?00110010?100?01?0?11100001010010010010000010101000101???0011000000001100000010100

Creagrutus cracentis

?00110010?00001010100001110000110000000000001010?0?01100000000100000011?0100010000110000110010100001?001000?1????00??01000101011
0000001111100001?0000000110000000010000010100010001100100000001001110000010100100100100000101010001010010011000000000100000??010

Creagrutus gephyrus

?00110010?0000101010010?110000100000000000001010?0?01100000000000000011?0100011000010000110010100001000100001011000000100011?011
0000001111100001?00001011100000000100000101000100011001101000010001100000001001001001000001010100010100100110000000011000000?010

Creagrutus maracaiboensis
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?00110010?0001101010010?111000100000000000001010?0?0110000???1101101011?0?10010000010000110010111001000100001111000000100011?011
0000001110100001?0000000110000000111000010100010001100101000001001110000010110100100z2000001010100010110100100000000011010000?010

Creagrutus muelleri

?00110010?0001101010010?111000100000000000001010?0?011000000?1000000011?0110010000010?00110010110001000100001011000000100011?011
0000001100100001?00000011100100000100000100001100011001110000010001110000101001001001000001010100010100100100000000001000000?010

Creagrutus ouranonastes

?00110010?0001101010010?111000100000000000001?10?0?01100000001000000011?0100010000010000110010111001000100001011000000100011?011
00000011z0100001?0000001110010000010000010000010001100101000001000110000010100100100100000101010001z100100100000000011000000?010

Creagrutus peruanus

?00110010?00011010100000111000100000000000001010?0?01100000001001100011?0100011000010000110010110001000100001101000000100011?011
00000011z0100001?00000011100000000100000100001100011001010000010001110000101001001001000001010100010100100100000000001010000?010

Carlastyanax aurocaudatus

?00110010?0001101010010?111000100001000000001010?00010000????010101??11?0?000111?001000011000?101001000100001011000000100011?0100
000001110100001?000000011000000001000001010z010?011001001000010001110000000101001001000001110100010120100000000000002020020111000

Microgenys minuta

?00110010?00011?10100000110000110001000000001010?0?01100000000100000011?0100011000010000010010101001100110001011000000100010?0??
?00?001100100001?000000001000000001100001010101000110010100000100111100001?11000010010000010101000101001001000000000110000001010

Piabina argentea
?001100107010z101010000011100010000100000000101100001100000000100000011?0100020000010000110010102001000100001111000000100011?010

0000001100100001?00000000100000000100000101000100011001110000010001100000101100001001000001010100010110100110000000000000000101
00010000011000001000000001000011z00000000201010000101110001?000011200000001110?12110000000000000010000001?1110000100000001000001

Acrobrycon tarijae

?00z10010?0001101010000211000011000100000000z02100001100000000000000011?0100000000011??011001010000100010000012100000010001000110
000001110100001?0000000010000000020000010100110001100101000001000110000000110000100100000101010001020010010000000000000000010100

Bryconadenos tanaothoros

?00110010?0001101010010?11000011000100000000101100001100000000100000011?0100020000011??01100101000010001200011110000001000100011
0000001100110001?000000001020000001000001010101000110010020010100111z00001?110000100100000101010001012010011000000000200000010100

Piabarchus analis

?00110010?000110101000001100z011000100000000101100001100000000100000011?0100010000011??01100101000010001000011110000001000100011
0000001100100001?000000001000000001000001010101000110010010000100111100000011000010010000012101000101001001000000000000000001010
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Diapoma alburnus

?001100107z001101010000011000011000100000000101100001100000000100000011?0100000000011??01100101000010001000001210000001000100011
0z00001120100001?000000101000000001000001010101000110010100000102111000000011000010012000011101000101001001000000000000000001010

0000070100100000000000001????
Diapoma speculiferum

?00110010?0001101010000011000011000100000000101100001100000000100000011?0100000000011??011010?1000010001000001110000001000100011
0000001110100001?00000010100000000100000101010100011001010001012001100000001100001001000001210100010100100??00000000000100000010

0100?0100000000000000000????
Hemibrycon surinamensis

?00110010?00011010100000110000110001000000000011000011000000001000000?1?01???00000011??01100??1000?100010000011100000010001020110
z00001111100001?0001000010000000020000010100110001100101000?01000112000000110000100100000101010001010?100100000000000000020??1000

Odontostoechus lethostigmus

?001100107z0011010100z0?11000010000100000000101100001100000000100000011?0100010000011??0110010101001000110000111000000110000??11
1100001110110001?0000000010000000010000010101010001100101000?0101111z000000110000100100000121010001010?1001000000000000000001010

Pseudocorynopoma doriae

?00110010?00011010100z00110000100001000000002000?0?01100000000100000021?0100020000011??011001010000100012000012100000010001000110
1200011z01z0001?00000010100000000000000[12]0102010001100101000001102110000000110z001001200001010100010120100??001000000001100010?0

0110?0100001000000000001????
Tetragonopterus argenteus

?00110010?1001100010000111000010000100100000001120000000000000001001011?01001000000100001100111000110001000000010000001000100011
01000011z0100001?001100001000000000000001011001000110010100000100011000000111000010010000010101000101000000000000000000000001010
0010000011100011000010000010011112000010101010z00111110000000011121000011100001110000010000000100?0?0000?11200000?100000000210100

Bryconamericus pectinatus

?00110010?00001010100100110000100000000000001010?0?01100000000000000011?000?010000011??01100101000010001000010010000001000100011
0000001110100001?00000000100100000100000100001000011001000000010011100000001100001001000001110100010100100100000000011000010001

Bryconamericus indefessus

?00110010?00011010100000110000110001000000001010?0?01100000000?7010z0011?01000z0z00011??0?1000?10z00100011000z201100000010001000110
100001110100001?000000z010z000000200000[12]01010100011001010000010111110000001100001001200001010100020120100z000000000000000001210

Bryconamericus exodon

?00110010?0001101010000z11000011000100000000101100001100000000100000011?0100000000011??01100101000010001000011110000001000101011
0000001100100001?000000001000000001000001010121000110010120000120z112000000110000100100000101010001011010011000000000000000000100
0100000110000010000000010000111000000001010100001211100010000011200000001100011100000000[03]00000010000001?11100000?0000000001101
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Sp.1
?00111010?1001100010000111000011000100001000001110001100000000001000011?010?0000000100001100101000210?01000001110000001000100011
110001110011?001?00110010z000000000000001010001000110011110010100011000000011000010010000011101000101201001000000001100000100110
0010000011100011z200010?01?1001111000000010101000011110000000000112000000011100111000?0000002000000000?0?011000100?10000000001010
00010001000010000000111110101

Deuterodon pedri
?00111010?1001100000010z11000011100100?0z000001110001110000000001000011?01100000000100001100101000010?01000001110000001000100011
110001110011?001?00000010100000000z2000002010001000110011110000100011000000011000010010000010101000101001001000000001100000100110
001000001110001100001000101001110000000010101000011110000000000112000000011000111000?1000002000000000?0?011000000?10000000011010
00010001000010000000101110101

Astyanax pelecus

?00111010?1001100010000111000010000100701010001110001100000000000100011700100000000100001100101000210?01000001110000001000100111
110001110011?001?00000010101000000000000101000100011001?110010100011100000011000010010000011101000101001001000?00000100000100110

Sp. 2

?00111010?10011000100z0111000010000100001000001110001100000000000000011?01070000000100001100101000010?01000001110000001000100111
1100011100110001?0011000010100000010000010110010001100100??0101000?1000000017000010010000010101000101001001000000001100000101110

00?00010000000000001011101-1
Deuterodon iguape

?00110010?10011000100z0111000010000?00?0100000111?7001000000000001000011?7010?000000010000?100101010010?01000000110000001000100111
1101001110110001?0000000010000000?000000101?0010001100101000?0100011000000011000010010000010101000101001001?00000001000000101010

0?0001011111011121111110101
Deuterodon supparis

?00110000?0001100010010011000010000?700?0100000111?001000000000000000011?01100000000100001100101011010?01000000110000001000100111
1100001110110001?0000000000000100?00000010110110001100101000?0100011000000011000010010000010101000101001001000000001000000100010

0?0001011111111111111110101
Deuterodon stigmaturus

?00110010?1001100000010011000010000100?0100000111?001000000?00001000011?010?0000100100001100101111010?01000000110000001000100111
1100001110110001?0000100000000000?000000101?0110001100101000?0100011000000011000010010000010101000101001001000000001000000101010

00?0001011112111111111110101
Deuterodon langei

?00110010?1001100010010011000010000100?0100000111?001000000000001000011?01100000000100001100101011010701000010110000001000100111
1100001110110001?0000000010000000?000000101?0010001100101000?0100011000000011000010010000010101000101001001000000000000000101010

0?0001011111111111111110101
Deuterodon singularis

?1011001070001100010010111000010000100?0100000111?001000000000200000011?01100000000100001100101011010?01000000110000001000100111
1100011110110001?0000000010000000?0000001011001000110010100000100011000000011000010010000010101000101001001000000000000000101010

00?0001011111011111111110101

Deuterodon rosae
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?00110000?1001100010000011000010000100?0100000111?001000000?0??000000?1?0110??0010?1000011001010110?0?0100001?1100000010001001111
100001110110001?0000000010100000?000000101?0010001100101000?01000110000000110000100100000111010001010010010000000011000001010100

?0001011111111111111110101
Deuterodon longirostris

?00110010?0001100010010011000010000100001000001110001100000010001000011?000?00000001?0001100101011210?01000011110000001000100111
1100001110110001?0000100010000000?00000010110010001100101000?0100011000000011000010010000010101000101001001000000000100000100010

00001011111111121111110101
Deuterodon potaroensis

?0011201070101100010010111000011002100001000001110001z00000000201000001?001100000001?00000?0101000010?01000001010000001000100010
0100011110110001?00000010100000000000000201000100011001010000010001100000001100001011000000010110010100100110000000010000010111

0000011010000110000000010001

Jupiaba asymetrica

?00112000-1001101100000111000011000100?10001101110001000000000200000001-010-
0000001101000100101000210?0100000?110000001000100011110000110011?0010000101101000000020000001010001000110011100000100011000001-
11000010010000001101000101001000000000001100000001110001000-

1000?000001010000000010000100000000000000?0

Jupiaba essequibensis

?00110000-1z011001?0000111000010000100?01000001110001000000000000000001-010-
0000000100001100101001010?01000000110001001000100110010000110011?001000000010100000000000000101000100011001010000010001000000011
1000010010000011101000101001001100000000100000100010001000-

1000?00000101000000001011010010011111110101

Jupiaba potaroensis

?00110000-1001100100000111000010000100000000101110001000000000000001001-010-
0000001100001100101000110?01000001110000001000101011110000110011?001000010010100000000000000101001100011001010000010001100000011
1000010010000000101000101001000000000001100000101010001000-

1000?000001010000100010000010000000000100?0

Jupiaba aff. atypindi

?10112000-1000100110010011000010000100?00000101110001000000000000000001-010-
0000000100001100101001110?01000000110001001000100110010000110011?0010000000101000000000000001010001000110010110-
00100011100000011000010010000010101100101001000000000000100000101110001000-

1000?000001010000100010110100000111111101?1

Jupiaba abramoides

?00110000-100z10??00010111000010000100?00001011110001000000000001000001-010-00000011000011000-
1000110?01000011110000001000101011110000110010?00100001001010000000?0000001000001000110011100000100011000001-
11010010010000001101000101001000000000001100000101110001000-

1000?000001010000000010000110000000000110?0

Jupiaba poekotero

?00110000-100110z110010111000010000100100000001110001100000000001001001-010-

0000001100001100101001110?01000010110000001000100111110000110011?0010000000001000000000000001010001000110011010-
00100011000000111000010010000010101000101001001100000000100000101010001000-

97



1000?00000101000000001010010010011111110101

Jupiaba pinnata

?00111000-1001100110010111000010000100?00000011110001000000000001001001-010-
0000000100001100111001010?01000000110000001000100110010000110011?001000000010100000000000000101001100011000-000-
10000011100000111000010010000001101100101001000000000000100000101110001000-
1000?000001010000000010100000100011111101?1

Jupiaba anteroides

?00110000-100110??10010111000010000100?00001010100001000000000001000001-010-
0100001101001100101000110?01000010110000001000100011110000110011?00100001001010100000?000000101000100011001010100010001100000011
1000010010000000101100101001000000000001100000101110001000-

1000?000001010000000010000100000000000010?0

Jupiaba acanthogasther

?00111000-1000100110000111000010000100000001101110001000000000001001001-010-
0000000100001100101001010?01000010110000001000100110010000110011?0010000000001000000020000001010001000110010110-
00100011100000011000010010000010101000101001001000000000100000101110001000-
1000?000001010000000010110100100011111101?1

Jupiaba polylepis

?00110000-100?10?010000111000010000100?0?000101110001000000000001000001-010-
0000000100001100101000110?01000010010000001000101010010000110011?00100001001010000000?0000001010001000110010110-
?0100011000000111000010010000000101000101001000000000001100000101110000000-
1000?000001010000000010000100000000000010?0

Jupiaba ocellata

?00110000-100?1001100z0111000010000100000000001110001000000000001000001-010-
0000000100001100111000110?01000000110001001000101110010000110011?001000010010100000002000000101000100011001010000010001100000011
1000010010000010101000101001000000000000100000101100001000-

1000?000001010000100010000100000000011000?0

Astyanax giton

?00111000-1z202100010010011000010000100000002101110001100000000001001001-

00100000000100001100101000010?0100001?110000001000100111110000110011?00100000000010000000001000010110010001100101000101000110000
00011000010010000000101000101101001000000001100000101110001100000110001100001000201001110000000010101000010110011000000112000000

Astyanax bahiensis

?00110000-000?100010010111000010000100?00000001110001100000000001001001-010-
0000000100001100101000010?01000011110000001000100111110000110011?00100000001010000000?110000101000100011001010001010001100000001
1000010010000010101000101001001000000000100000101010001000000110001100001000100001110000000010101000011110000000000112000000010

Astyanax ribeirae
?00110000-110?1000100z0011000010000100?00000001110001100000000002001001-010-

0000000100001102101001010?01000011110000001000100111110000110011?001000001010100000000110000101000100011101010001010001100000001
1000010010000000101000101001001000000000100000101110000000001110001100001000100001110000000012101000011111111000000112200000010?

Astyanax intermedius
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?0011100101101100010000111000010000100000000001100001100000000000001001-010-
0000000100001100101001010?010000011100000010001001111100?0110011?0010000110001000000000000001010001000110010010-
1010001100000001100001001000001110100010100100100000007?100000101110001000001110001100001000101001110000000010101000011111111000

Astyanax aff. hastatus

?0011000??1001100010000111000011000100?00000001100001100000000001000001-010-00000001000011020-
1001010?01000011110000001000100111110000110011?00100000100010000000?0100001010001000010010110-

Astyanax hastatus
?0011000111000100010000011000010000100000000001110001100000000001001001-

0110000000110000110z101001010?01000010110000001000100111110000110011?00100000002010000000011000010100010001100101000101000110000
00011000010010000010101000101001001000000000100000101010001000001110001100001000100001110000000010101000011111111000000112200000

Hyphessobrycon luetkenii

?00110000-1001100010000211000010000100000000001100001100000000001001001-010-
000000010000110z101011010?01000010110000001000100111110000110011?001000001010100000000010000101000100011001010001010001100000001
1000010010000001101000101001001000000001100000101110001000001110001100001000100001110000000010101000011111111000000112200000010?
Sp. B

?00110000-100?100010010111000010000100?00000001110001100000000001000001-
01100000000100001100101000110?01000010110000001000100111110000110011?00100000001010000000?10000010100010000100111000101000110000
00011000010010000000101100101001000000000001100000101110001000000110001100001000101001110000000010101000011111111000000112200000
Astyanax taeniatus

?00110000-1101100010000?11000010000100000000001110001100000000200000001-
0110000000110000?100101000110?01000010110000001000100111110000110011?00100000100010000000021000010100010001100111000101000110000

Sp. A

?0011000?-10001??0?0000011000010000100?00000001110001100000000210000001-
0110000000010000110010101?110?01000011110000001000100111110000110011?0010000010001000000000100001010001000010011110-

Astyanax jenynsii

?0?110007?-10001000?0010011000010000100?00000001110001000?00000000000001-
0?10?000001100001100??100011???1000010?10000001000100110010000110011?001000011010100000000010000101?0010000100111000?01000110000

Myxiops aphos

?00110000-0001100010010111000000000100?0000000111000110000100020100--01-000-00000001000011000-1110010?0111000011000100110000--
11110000110011?0010000010001000000001000002010001000110010100000100011000001-
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Astyanax rivularis
?00110000-z001101110010011000010000100?10000001100001000000000001000001-010-

000000010100110z101000110?01000011110000001000100010010000110010?001000010010100000000000000101000100011001010001010001100000001
1000010010000010101000101001000000000000110000101010001000001110001100001000100001100000000010101000010?11100000000112000000010?

Astyanax laticeps

?0011000111100100010000z11000010000100?000000010---01000000010001000001-010-
0000000101001100101000z10?01000010110000001000100010010000100010?001000010000100000000000000201000100011001110001010001100000001

Astyanax brachypterygium
?00110000-00001010100100110000100001000000000010---01100000000000000001-

0110011010010000010z101000110?0100011011000000100010?010010000110010?00100001101010000000000000010100010001100101000101000110000
0000100001001000001?10100010100100000000000000000010111000100000111000110000100010000110000000001010100000011100000000011200000

Astyanax cremnobates

?0011000110000101000010011000010000100000000101100001100000000000002001-
0110011010010000110z101000110?01000110110000001000100110010000110010?00100001001010000000000000020100010001100111000001000110000
00011000010010000011101000101101000000000001100000101110001000001110001100001000101001100000000020101000010111000000000112000000
Sp.D

?00112000-z001111010010011000011000130010000001100001100000000001002001-010-
0000000101001102101000010?01000111110000001000100010010000110011?001000010110100000000001000101000100001001110001001001100000011
1000010010000010101000101001000000000000100000101110001000001110001100001000101001100000000020101000010110100000000112200000010?
Astyanax goyanensis

?00112000-10001011100100110000100001000000000010---01100000000001002011-010-00000001010001020-
1000110?01000100110000001000100010010000110011?0010000100101000000000000002010001000110010-10-
10100011000000011000010010000011101000101001000000000000100000101100001000001110001100001000101001100000000010101000010?1000000

Astyanax xiru

?0011201?-1100100z?0010111000010000100000000001100001000000000001002001-
0110000000010z001100101000210?01000101110000001000100110010000110010?00100001101010100000z200000010100010000100111000001000110000

Astyanax douradilho

?0011000?-110010001000011100001000010000000??01100001000000000001000001-
01100000000100000100101000210?01000101110000001000100110010000100010?00100001101010000000200000010100010001100101000100000110000

Astyanax procerus

?0011000?-2101100010010111000010000100?00000001100001100000000000000001-010-
0000000100001100101000210?01000001110000001000100010010000100010?00100001000010000000?000000101000100011001010001010001100000011
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Astyanax dissensus

?0011000?-10011000100z0111000011000100000000001100001000000000001001001-000-
0000001100001100101000010?01000011110000001000100110010000100011?00100001001010000000?010000101000100011101010001010001100000001
1000010010000011101000101001001000000001100000101110001000000110001100001000100001110000000010101000011110000000000112100000010

Astyanax fasciatus sao francisco

?0011000?-200110zz00000111000010000100?00000001100001000000000001001011-010-
0000000100001100101000110?01000011110000001000100110010000100010?00100011001010000000?000000101000100011001010001010001000000011
1000010010000011101000101001001000000001100000101110001000000110001100001000101001110000000010101000011111000000000112200000010?

???0000100001100??10001107?1000001110000001000100010010000100010?00100011001?10000000200000010100010001100101000?010001000000001
10000100100000111010001010??00100000000010000010??1000100000011000110000100010100?1100000000101010000101110000000001122000000???

Astyanax jequitinhonhae

?0011000?-1001100010000111000010000100000000101100001110000000001001001-
01100000100100001100101000210?01000001110000011000101010010000100011?00100001001010000000001000010100010001100101000101000100000
00111000010010000010101000101001001000000001100000101110001000000110001100001000100001110000000010101000010111000000000112200000

Astyanax scabripinnis

?0011000?-1001100010000111000010000100000000001100001100000000001000001-
011000000001000011001010002z10?01000111110000001000101110010000100011?00100001001010000000000000010100010001100101000101000110000
00111000010010000010101000101001001000000001100000101110001000000110001110001000101001110000000010101000010111111111100112200000

Astyanax lacustris

?0??1001?-?00??010?0000011000010000100?00010001????01000000000201000001-01100000001100001100??100-
210?010000111100000010001010100100000000--
?00100001001010000000000000010100010001100101000101000110000001110000100100000????1?00101001000000000000100000001010001000000110
0011000010000010011100000000101010000110--------- 00112z00000010????????0010000000000000007000?????100-1000?000001010000z2000100000000-
0000000000-0

Jupiaba poranga

?00111010-100110000000001100001000010010000?001110001000000000001000001-
01110000000100000100101000110?01000001110000001000100010010000110011?00100001001010000000z200001010100010001100101000101000110000
00111000010110000001111000101101001000000000100000101110001000-

1000?00000101100010000000000000000000001000

Astyanax burgerai

?00010010-100110001000011100001?000100000000001110001100000000001000001-010-

0000000100001100101000010?01000010110000001000100110010000110011?001000000000100000000100000101000100011001010001010001100000001
1000010010000010101100101001000000000000100000101010001000001110001100001000100001110000000010101000011110011000000112100000010
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Probolodus heterostomus

?00110010-1001100010000011000010000100000000001110001000000000001000001-01100000000101001100101000010?01000000110000000010-----------
-11111-?---00---
0010100000000100000101000100011000000000010001100000101100001101000000110100010100100100000000010000010101000100000111000110000

1-0-
Astyanax hamatilis
?00010010-1000100010000111000010000100100000001100001100000000001000001-010-

0000000100001100101000010?01000001110000001000100111110001110011?001000100000100000000110000101000100011001110000011001100000001
1000010010000010101000101001001000000000100000101010000000001110001100001000100001110000000010101000011111111111000112200000010?
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S4.Consensus tree of the implied weighting hypotheses
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S5.Comparative material. C&S = cleared and stainedratng to Taylor & Van Dyke
(1985). * = specimens not measured because of danragear and stained and not
previously measured or tissue sample (specimed fixethanol absolute).

Specimens were examined from the following ingbhg: Museu de Ciéncias e
Tecnologia, Pontificia Universidade Catoélica do Rcande do Sul, Porto Alegre, MCP ;
MCZ, Museum of Comparative Zoology of Harvard Umsity, Cambridge; MNRJ, Museu
Nacional do Rio de Janeiro, Rio de Janeiro; MZUMUseu de Zoologia Jodo Mojeen,
Universidade Federal de Vigosa, Vigosa; MZUSP, Mude Zoologia, Universidade de S&o
Paulo, Sdo Paulo; UFRGS, Departamento de Zoolaljisversidade Federal do Rio Grande
do Sul, Porto Alegre; USNM, National Museum of NatuHistory of Smithsonian
Institution, Washington D.C.

Comparative material

Astyanax fasciatus (MOL):

UFRGS 19070TEC4074, Doce River basin;

UFRGS 19147, TEC4865A, Tramandai River basin;

UFRGS 19147, TEC4865B, Tramandai River basin ;

UFRGS 19135, TEC4853A Tramandai River basin;

UFRGS 19135, TEC4853B, Tramandai River basin.

Astyanax giton (MOL):

MCZ 20936, lectotype, 63,42 mm SL, rio Paraiba db Bio de Janeiro, Brazil;

CAS 42482 paralectotype 55,81 mm SL, rio Paraiba do Sul, Rio de Jan&razil;
UFRGS 14814, 2 C&S, 47.9-49.9 mm SL, corrego Latdaytary of rio Doce, Coimbra,
Minas Gerais.

Astyanax hastatus. USNM 92952 holotype, 37.16 mm SL, Rio de Janeiro, Brazil;
USNM 94312, 2Paratypesof 29, 21.15-42.18 mm SL, Rio de Janeiro, Brazil,
UFRGS 10257, 2 C&S, 49.3-49.9 mm SL, Macacu, Ridafeiro.

Astyanax intermedius (MOL): MCZ 20684 |ectotype 45,86 mm SL, rio Parahyba, Rio de
Janeiro, Brazil;

MCZ 20684, Jaralectotypesof 5, 34.12-37.33 mm SL, rio Parahyba, Rio de Janei
Brazil;

UFRGS 10821, 2 C&S, 59.3-62.5 mm SL, Santa VirgiS@o Paulo.

Astyanax jenynsii (MOL):

Astyanax lacustris (MOL):

UFRGS 18957TEC4772, Santa Maria da Vitoria River basin ;

UFRGS 19055, TEC4030, Tiririca lake, Doce Riveribas

Astyanax laticeps:

UFRGS 18503, TEC4113, Ribeira de Iguape River basin

UFRGS 18503, TEC4115, Ribeira de Iguape River basin

Astyanax mexicanus: USNM 310222, 2 of 22 C&S, Kinney County, Texas AJS
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Astyanax microschemos (MOL):

UFRGS 15358, 3 of 4 specimens, 81.6-89.1 mm Sldmbaca, Dionisio, Minas Gerais,
Brazil;

UFRGS 17542, 2 of 4 specimens, 92.2-93.6 mm Slxaderde, Dionisio, Minas Gerais,
Brazil.

Astyanax novae:

FMNH 54641 8syntypesfrom 11, 28.77-33.70 mm SL, rio Sapon, Prazer 8aBrazil;
FMNH 14928 1syntypes 31.88 mm SL, above Cachoeira Velha, rio Novaa§dsrazil;
FMNH 54642 7syntypes 27.90-67.36 mm SL, above Cachoeira Velha, Riod\@oias,
Brazil.

Astyanax parahybae:

MCZ 20685lectotype 100.84 mm SL, rio Paraiba do Sul, Rio de JanBirazil;

USNM 120245 Jaralectotypesof 3, 87.07-103.09 mm SL, Rio Paraiba do Sul,d®o
Janeiro, Brazil.

Astyanax pelecus:

MCP 37570holotype, 56.4 mm SL, rio Pardo, Candido Sales, Bahia, iBraz

MCP 17919, &aratypesof 8, 1 c&s, 26.8-60.0 mm SL, rio Pardo, CandidéeS, Bahia,
Brazil.

Astyanax ribeirae: FMNH 54725holotype, 50.66 mm SL, Xiririca, Brazil;

FMNH 149631paratype of 1, 39.51 mm SL, Morretes, Parana, Brazil;

FMNH 14959 lparatype of 1, 42.43 mm SL, Morretes, Parana, Brazil;

FMNH 14962 1paratype of 1, 45.96 mm SL, Morretes, Parana, Brazil,

FMNH 14961 lparatype of 1, 46.98 mm SL, Morretes, Parana, Brazil;

FMNH 14960 1paratype of 1, 41.93 mm SL, Morretes, Parana, Brazil,

FMNH 54726 4Qparatypesof 47, 18.98-55.81 mm SL, Morretes, Parana, Brazil.
Astyanax scabripinnis (MOL):MZUFV4456 , Santa Cruz do Escalvado, Minas Gerais,
Brazil.

Astyanax taeniatus: UCMZ 6975, 2syntypes 41.10-41,25 mm SL, Sosego, Concei¢ao de
Macabu, Rio De Janeiro, Brazil.

Astyanax scabripinnis:

MZUFV 4456, CT2772, Doce River basin;

MZUFV 4456, CT2773, Doce River basin;

Sp.D

UFRGS 19746, TEC5291 Esipui River, Doce River basin

Deuterodon acanthogaster:

FMNH 54750 Sparatypesof 5, 27.32-41.91 mm SL, Ria Jauru, Mato GrossaziB
FMNH54749 9paratypesof 9, 33.16-40.30 mm SL, Corumba, Brazil.

Deuterodon cf. longirostris:

UFRGS 18629 1 specimen of 1, tissue*, rio PrataCubatdo basin, Santa Catarina, Brazil.
Deuterodon iguape:

USNM 437051 1 specimen of 1, C&S*, rio Iguape,Ribeira de Iguape basin, Road near
Curitiba, Sao Paulo, Brazil,

USNM 354704 4 of 4 specimens, rio Iguape, rio Réde Iguape basin, Road near Curitiba,
Séo Paulo, Brazil;

MCP 12175 10 of 1°, 2 C&S, 44.4-95.4 mm SL, Sadd®&razil;
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UFRGS 18525 1 specimen of 32, tissue*, IporangaRRibeira de Iguape basin, Sdo Paulo,
Brazil.

UFRGS 20032, TEC 4130, Ribeira do Iguape Riverbasi

UFRGS 18525, TEC 4138, Ribeira do Iguape Riverrbasi

Deuterodon langei:

UFRGS 18508, 1 specimen of 24, TEC4103, rio Parsagsin, Parana, Brazil;

USNM 436728 3 specimens of 3, C&S*, rio Lindo, Gabatédo basin, Joinvile, Santa
Catarina, Brazil;

USNM 437050, 3 specimens of 3, C&S*, rio Marumbipiivetes, Parana, Brazil.
Deuterodon longirostris:

MCP 12205 rio Cedro, rio Cubatédo, Santa CatarinaziB

UFRGS 18629, TEC3935, Rio da Prata, Cubatdo Rasnb

Deuterodon pedri:

UFRGS 2073044 rio Santo Antbnio, rio Doce basimyds Minas Gerais, Brazil;

MCP 47661, CT2521, Rio Santo Antbnio, rio Doce baBerros, Minas Gerais, Brazil,
UFRGS 17543, CT2529, Rio Santo Antbnio, rio Docgithaerros, Minas Gerais, Brazil.
Deuterodon pinnatus:

FMNH 53525holotype, 49.43 mm SL, Lower Potaro River, Amatuk, Guyana;

FMNH 53527 Sparatypesof 5, 19.07-32.00 mm SL.

Deuterodon potaroensis:

FMNH 52967holotype, 32.33 mm SL, Potaro River, Amatuk, Guyana;

FMNH 52968 1paratype of 1, 37.60 mm SL, Potaro River, Amatuk, Guyana,

MCZ 29954, 1paratype of 1, 23.70 mm SL, Potaro River, Amatuk, Guyana,

ROM 61441 10 of 384, 3 C&S, 40.62-59.39 mm SL, RoRiver, Guyana.

Deuterodon rosae:

USNM 64901 rio Humboldt, Joinville, Santa CatariBsazil

Deuterodon rosae:

MCP 12209 15 specimens of 15, 1 C&S, 76.5-101.43hnrio Itapocl, Santa Catarina,
Brazil;

USNM 649011 specimen of 1, C&S*, rio Humboldt, Joile, Santa Catarina, Brazil.
Deuterodon singularis:

USNM 297926 rio Tubarao basin, Rio Fortuna, Sartaiha, Brazil.

UFRGS 18518TEC4087, Tubardo River basin.

Deuterodon singularis:

MCP 14753olotype, 88.1 mm SL, rio Sanga de Areia, Santa CatarinaziB

MCP 11084 8%paratypesof 85, 3 C&S, 33.4-78.8 mm SL, rio Capivari, GreataSanta
Catarina, Brazil;

USNM 297926 3 specimens of 47, C&S*, rio TubarasimaRio Fortuna, Santa Catarina,
Brazil;

UFRGS 18518 1 of 12 specimens, tissue*, rio Tubae®in, Rio Fortuna, Santa Catarina,
Brazil.

Deuterodon stigmaturus:

MCP 12207 13 specimens of 13, 2 C&S, 10.8-107 mpriSLTrés Forquilhas, Chapéu,
Torres, Rio Grande do Sul, Brazil;

UFRGS 16208 1 specimen of 6, tissue*, rio Maquiagim Rio Grande do Sul, Brazil.
UFRGS 16208TEC2350,rio Maquiné basin
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UFRGS 16519, 1 specimen of 1, tissue*, Rio Trégtitltas, Rio Grande do Sul, Brazil,
UFRGS 16519TEC2847,rio Trés Forquilhas

USNM 297956 11 specimens of 11, not measured, Bi@ade, Santa Catarina, Brazil;
USNM 436729, 1 specimen of 1, C&S*, rio Grande,i&farande, Santa Catarina, Brazil; rio
Grande,

Deuterodon supparis:

MCP 1475Zholotype, 86.75 mm SL, rio Itajai basin, Blumenau, Santtafdaa, Brazil;

MCP 10632, 4paratypesof 43, 2 C&S, 51.8-102.4 mm SL, rio Itajai badsdiymenau,
Santa Catarina, Brazil;

USNM 437052 1 specimen of 1, C&S*, rio Itajai badtumenau, Santa Catarina, Brazil;
USNM 279630 28 specimens of 28, not measurediajailbasin, Blumenau, Santa Catarina,
Brazil;

UFRGS 18495, 1 specimen of 14, tissue*, rio Itegdin, Blumenau, Santa Catarina, Brazil.
UFRGS 18495,TEC 4651, Itajai River basin.

Hyphessobrycon luetkenii:

BMNH 1886.3.15.35lectotype 1, 55.8 mm SL, San Lorenzo, Rio Grande do SuziBr
BMNH 1886.3.15.36-38, Baralectotypesof 3, 55.9-62.5 mm SL, San Lorenzo, Rio Grande
do Sul, Brazil;

BMNH 1885.2.3.78-79, paralectotypesof 2, 34.3-35.6 mm SL, San Lorenzo, Rio Grande
do Sul, Brazil;

UFRGS 5270, 5 C&S, 34.7-54.2 mm SL, Viamé&o, Riorfdeado Sul, Brazil,

UFRGS 5294, 2 c&s, 33.1-35.3 mm SL, rio Salso, Ros#o Sul, Rio Grande do Sul; Brazil.
Jupiaba scologaster

USNM 272612 rio Negro, rio Casiquiare basin, Verdau

Probolodus heterostomus:

FMNH 54330 2paratypesof 2, one measured 60.29 mm SL, Iporanga, SamParazil.
Serrapinnus heterodon: UFRGS 22004, ,TEC6956,Lagoa marginal, rio Docerh&anta
Cruz de Escalvado, Minas Gerais, Brazil.

Sp. 1:MZUFV 3992, CT2353, CT2765, 5 C&S from 100, riod@dbasin, Rio Doce, Minas
Gerais, Brazil.

Sp. 2:MZUFV 4457, CT2965, CT2969 (MOL); 1 C&S of 10pDoce basin, Rio Doce,
Minas Gerais, Brazil
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Capitulo 2

An integrative analysis of the phylogenetic relatinships of Deuterodon (Ostariophysi:
Characidae)

Artigo a ser submetido para a Revista Zoologica sipta

Priscilla C. Silva, Carlos A. Lucena, Zilda M. Sudena and Luiz R. Malabarba
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Silva P.C., Lucena C.A., Lucena M.S.Z., Malabatb&. (2017). An integrative analysis of
the phylogenetic relationships Dieuterodon(Ostariophysi, Characidaejoologica Scripta
00, 000-000Deuterodorwas described in 1907 witbeuterodon iguap@s the type species
by monotypy. The genus was initially diagnosed sy presence of two rows of premaxillary
teeth, teeth multicuspidate expanded on the digtation and dentary teeth gradually
decreasingin size posteriorly, being the last dtardong used to define the genus. Later, in
2002, the genus was diagnosed based in three tbr@rgd) the anterior region of the toothed
portion of the maxilla deeper than the posterigiae of the toothed portion; (2) the ventral
margin of toothed portion of maxilla arched towdh& ventral margin of the premaxilla,
showing an alignment between maxillary and preneyilteeth; and (3) posterior region of
the maxilla without teeth smaller than anterior theal region. In this new definition,
Deuterodon sensu strictimcluded seven valid species. In order to testrtwnophyly of
Deuterodonand the relationships among its species, the oelstiips are investigated based
on an integrative approach using morphological attars (supermatrix with 412 characters)
and a molecular data set (4 genes). Both kinds ath dvere congruent and showed
Deuterodon as monophyletic. New characters are described rad synapomorphies
proposed to defin®euterodon The biogeographic history related to the evohlutad the

diferent lineages of the genus are further disalisse
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INTRODUCTION

The Neotropical fisiDeuterodonEigenmann genus was described in Eigennedrai
(1907), with Deuterodon iguape&eigenmann, 1907 as the type species by monotypg. T
genus was diagnosed initially by the presence af tews of premaxillary teeth, teeth
multicuspidate expanded on the distal portion aextaty teeth gradually decreasingin size
posteriorly, being the last character long usediéfine the genus. After Eigenmann, 17
species from several regions in South America \assggned t®euterodon but five of them
were subsequently moved to the gendupiaba Zanata, 1997 Jupiaba acanthogaster
(Eigenmann, 1911)Jupiaba minor(Travassos, 1964) andupiaba pinnata(Eigenmann,
1909)], Gephyrocharax Eigenmann, 1912 by Eigenmann (1914%ephyrocharax
atracaudatus (Meek & Hildebrand, 1912)], andOdontostilbe by Malabarba (2003)
[Odontostilbe euspilurdFowler, 1945)] based on other characters groufiiege species to
those genera.

Lucena & Lucena (2002) were the first to redefinge tgenus based on
synapomorphies, listing three characters to diagbeuterodon (1) the anterior region of
the toothed portion of the maxilla deeper thangbsterior region of the toothed portion; (2)
the ventral margin of toothed portion of maxillatang toward the ventral margin of the
premaxilla, determining an alignment between maiylland premaxillary teeth; and (3)
posterior region of the maxilla without teeth sraathan anterior toothed region. In this new
definition, Deuterodonincluded seven valid species, with two junior syras. All the
species oiDeuterodonin this restricted sense are endemic from Atlanbastal drainages
along the Atlantic Forest Biome of south and saedktern Brazil ). iguape D. langei
Travassos 1957 (includin®. amniculusLucena & Lucena 2992 ard. garujo Lucena &
Lucena 2992 as junior synonymslp. longirostris (Steindachner 1907)D. rosae
(Steindachner 1908)). singularis Lucena & Lucena 1992). stigmaturus(Gomes 1947),
andD. supparisLucena & Lucena 1992].

The three remaining specidd, parahybaeEigenmann 1908D. pedri Eigenmann
1908 andD. potaroensisEigenmann 1909 were assigned by Lucena & Luceff@2(2as
incertae sediswithin Characidae due to the lack of the three pgn@orphies proposed to
define the genus. The identity DEuterodon pedriemained uncertain until recently with the

rediscovery of the species based on the extracti@NA from old types and examination of
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recently collected specimens, being now considerespecies restricted to the Rio Doce
drainage (Silvat al.2017). The identity obD. parahybaedescribed from the Rio Itapemirim,
Espirito Santo, Brazitemains uncertain, and the third specizspotaroensisis known from
Guyana.

Two of the three synapomorphies proposed by Ludehacena (2002) to diagnose
Deuterodonhave never been tested in a congruence phylogeaedtlysis. Only the first
synapomorphy has been tested in a parsimony asdlyshe family Characidae (Mirande
2009, 2010), but including only two species of ¢femus. Mirande (2010) fourideuterodon
iguapeandD. langeirelated taJupiabaZanata and further hypothesized as possibly related
Myxiops Zanata & Akama, but the only species of the lastug was not included in his
analysis.

In a molecular phylogeny of the family Characidaeluding the type species of the
genus, Oliveiraet al. (2011) found Deuterodon iguapeforming a clade along with
Probolodus heterostomusigenmann andlyxiops aphosZanata & Akama. More recently
and based only on molecular evidence (with two gea@ad with fourDeuterodonspecies
analysed, two of them previously considered by bac& Lucena (2002) amcertae sedis
Coutinho-Sanches & Dergam (2015) concluded Breaiterodons not monophyletic.

The monophyly and the relationships among the sespecies of the genus
DeuterodonsensuLucena & Lucena (2002) are investigated hereiretbas an integrative
approach, includingD. pedri D. potaroensisand other characid species and genera.
Morphological characters previously used to defime genus and new characters are tested
under a comprehensive parsimony analysis, includit®y morphological characters and 233
characid taxa. These species were further sulgdgayesian analyses with mitochondrial and
nuclear DNA sequences in order to reciprocally testhypotheses of relationships obtained
with the use of different methods.

MATERIAL AND METHODS

The ingroup used to test the monophyly and retah@s ofDeuterodonincludes all
species oDeuterodonsensuLucena & Lucena (200D. iguape D. langei, D. longirostris
D. rosae, D. singularisD. stigmaturus andD. suppari3, species referred to the genus but

presently assigned ascertae sedisn Characidael¥. pedriandD. potaroensiy species of
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the generaMyxiops Probolodus and Jupiaba previously hypothesized as related to
Deuterodon and representative species A$tyanaxand Hyphessobrycgnmainly from
coastal Atlantic drainages. Two undescribed taxerg(lmentioned as characid sp. 1 and
characid sp. 2) were also included to the matrie thuthe presence of some morphological
similarities with D. pedri All ingroup species are included in the morphatay and/or
molecular analyses, but not all were available Hoth analyses (Supporting information
Table S1 and S2).

Morphological analysis

Osteological preparations were carried out follgyiraylor & van Dyke (1985). The
extended matrix of Mirandet al (2013) was used, excluding 53 taxa (speofdSreagrutus
and Paleotetrg that were not codified by several characters.rfyonine taxa Astyanax
bahiensis A. brachypterygiumA. cremnobatesA. dissensusA. douradilhg A. fasciatus A.
aff. fasciatus A. giton, A. goyanensisA. hastatusA. aff. hastatusA. henselj A. intermedius
A. jenynsii A. jequitinhonhagA. lacustrig A. laticeps A. aff. microschemasA. pelecus A.
procerus A. ribeirae, A. scabripinnis A. taeniatusA. xiru, Astyanaxsp. A, Astyanaxsp. B,
Astyanaxsp. C, characid sp. 1, characid spD2uterodon pedri, D. potaroensis, D. rosae, D.
singularis D. stigmaturusD. supparis, D. longirostrisHyphessobrycon luetkenilupiaba
abramoidesJ. acanthogaster]. anteroidesJ. asymmetrical. cf. atypindi J. essequibensis
J. ocellata J. pinnata J. poekoterpJ. polylepis J. potaroensisMyxiops aphasand twenty
new characters were added on the matrix previopsblished by Mirandeet al (2013),
resulting in 412 characters and 233 taxa (Supppiitiformation S3 — character matrix in
Silvaet al.2017a). For more detail of methodology see Sitval. 2017 (unpublished).

Molecular phylogenetic analysis

Tissue samples from 48 specimens of the geAstganax Deuterodon Jupiaba
Myxiops Probolodusand Serrapinnusfixed in 96% ethanol from the fish collection ofeth
Departamento de Zoologia, Universidade Federalidd@ande do Sul (UFRGS ) were used
in DNA extraction (Table S1). All molecular analgsevere rooted withSerrapinnus

heterodon The DNA was extracted from gill flaments, musae liver tissue of the samples,
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with “Phire Animal Tissue Direct PCR Kit” developeby Thermo Scientific® under
commercial recommendations.

Two mitochondrial genes were amplified: cytochrooxélase ¢ subunit 1COI) with
primers cocktail FishF1tl and FishR1t1 (lvanetal.2007) and th&lADH dehydrogenase 2
(ND2) with primers L5216 and H6313 (Sorensanal. 1999). Two nuclear genes were also
amplified. The nuclear alpha-myosin BIYH6) gene was amplified with nested-PCR using
primers F459 and R1325%(PCR) and F507 and R1322'{PCR) (Liet al.2007). The SH3
and PX3 domain-containing 3 like proteiBH3PX3 gene was also amplified with nested-
PCR using primers F461 and R1303' BCR) and F532 and R1299"{PCR) (Li et al.
2007).

The PCR reactions for all genes were carried oat fieaction volume of 20 pL [10.3
pL of H20, 2 pL of 10x reaction buffer (Platinum®&j)a0.6 pL of MgCI2 (50 mM), 2 pL of
dNTPs (2 mM), 2 uL of each primer (2 uM), 0.1 pLy% of Platinum® Taq (Invitrogen),
and 100 ng of template DNA].

COl was amplified using the following PCR conditiomast initial DNA denaturation
at 94°C for 3 min, followed by 35 cycles at 94°C 89 s, at 52°C for 40 s, and at 72°C for 1
min, and a final extension at 72°C for 10 niWD2 was amplified by touchdown PCR under
following PCR conditions: an initial DNA denatumati at 94°C for 4 min, followed by 9
cycles at 94°C for 30 s, at 57°C for 40 s with melttemperature decreasing one degree on
each cycle, and at 72°C for 1 min and 30 secorttlsydles with denaturation at 94°C for 30
S, at 47°C for 40 s and at 72°C for 1 min and 3fsds and a final extension at 72°C for 10
min. TheMYH6 PCR was performed in the following conditions:imitial DNA denaturation
at 94°C for 3 min, followed by 35 cycles at 94°C 8 s, at 53°C for 45 s, and at 72°C for 1
min and 30 s, and a final extension at 72°C forniil on first PCR and an initial DNA
denaturation at 94°C for 3 min, followed by 35 @ght 94°C for 30 s, at 62°C for 45 s, and
at 72°C for 1 min and 30 s, and a final extensib@2fC for 5 min on second PCR. The
SH3PX3conditions following: an initial DNA denaturatiat 94°C for 3 min, followed by 35
cycles at 94°C for 30 s, at 55°C for 45 s, and2aC7for 1 min and 30 s, and a final extension
at 72°C for 10 min on first PCR and an initial DNd&naturation at 94°C for 3 min, followed
by 35 cycles at 94°C for 30 s, at 65°C for 45 ¢ ah72°C for 1 min and 30 s, and a final

extension at 72°C for 5 min on second PCR. The B@RIucts were purified by using
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enzymatic method ExoSap (25% exonuclease, 25% Bhkikaline Phosphatase and 50% of
deionized water), and sequencing was performed aardden Inc., Seoul, South Korea and
Ludwig Biotec at Porto Alegre, RS, Brazil.

Sequences of each locus were independently aligeed) Clustal W in MEGA 6.0
software (Tamuraet al. 2013) and alignments were inspected by eye for @oyious
misalignments that were then corrected.

The species tree was estimated on BEAST 2.1.3 agdt{Bouckaerét al. 2014) with
StarBeast template. Each DNA alignment was consttarpartition and molecular models of
evolution and gene trees were unlinked. The bestcutar model of evolution for each DNA
alignment was selected with MrModeltest software/l@dder 2004) and this information
using to set priors of site substitutions on Sitedel panels. It was made to optimize the
mixing and convergence of the MCMC chain. A popalafunction constant was chosen on
Mult Species Coalescent panel and a Yule Model ahasen as Species Tree prior. The tree
was estimated twice and each run was performed 20th million MCMC iterations and
20,000 trees were retained. The distribution of ldglihood scores was examined to
determine stationarity for each run and achieveveayence using the program Tracer 1.5
(Rambaut & Drummond 2009) with 10% of the initidhtes discarded as burn-in. The
program TreeAnnotator (Beast package) was usednngrize the trees with 10% of initial
trees discarded as burn-in. StarBeast analysesrweren computational resources provided
by Cyberinfrastructure for Phylogenetic ReseardPRES) (Milleret al.2010).

The posterior probability values of 1-0.91 and petage values of 100-88 were
considered well supported in the Bayesian and maxinparsimony analysis, respectively
(Zander 2004). DNA sequences were deposited in @eakBAccess No. XXXX).

RESULTS
Molecular analysis.

The combined sequence data set of 48 specimenketesn a matrix with 3.103
aligned base pairs (bp). The transitions/transeass(Ti/Tv) ratio was 111 and overall mean
genetic distance pfdistance) was 0.13. All other information relatite each gene is

summarized in Table 1.
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StarBeast Bayesian analysis recovered the g@&wueugerodonincluding only the
species from southern section of the Atlantic Riwkainages of southern Brazil as
monophyletic Deuterodon sensu strigtoFig. 1), being congruent with the restricted
definition of the genus as presented by Lucena &eba (2002)Deuterodon pedrnwas found
not closely related to thiBeuterodon sensu strigtdut recovered as sister group to two
undescribed species (characid sp. 1 and characid) spith high posterior probability and
bootstrap valued). pedriclade, Fig. 1).

Myxiops and Probolodus previously hypothesized as related Deuterodon were
recovered as forming a clade with high posteriobpbility containingdeuterodonand some
species oAstyanaxrom Atlantic coastal River drainages in Brazily@nstrating a common
phylogenetic history, but not as sister groupDguterodon sensu strictd’he species of
Jupiaba however, were not found closely related to theuge

The analysis further demonstrates the polyphylegitire ofAstyanaxwhose species
appears in three different clades. The clade coimiiAstyanax mexicanugype species of
the genus)A. laticeps A. scabripinnisA. fasciatusandA. lacustriswould correspond to the
true Astyanax.The other examined species were found closelyeelto Probolodusor as

sister group t@euterodon.

Morphological analysis.

The equal weighting hypothesis based on morphadbglata is the strict consensus
among most parsimonious trees with 2884 steps i@l = 0.303 and RI = 0.621). The
implied weighting hypothesis is the strict consenbatween 2 trees generated under tffe 20
value of K (38.894, more stable value) (S4; Cl 809. and Rl = 0.645). For more details
about k chosen, see Mirande (2009). We opted td wath the equal weighting generated
tree to be as conservative as possible. The treanpfied weighting is presented as
supplementary file S4 for comparison. Both analysether supported the monophyly of the
genusDeuterodonsensuLucena & Lucena (2002), includirg. rosae(not available in the
molecular analysis)Deuterodon pedriand D. potaroensiswere found not belonging to
Deuterodon,but more closely related tAstyanax pelecugnot available in the molecular

analysis) and two undescribed characids, addipiaba porangarespectively.
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Based on these results, a complemented diagnosgsesented forDeuterodon
includingD. iguape D. langei D. longirostris D. rosae, D. singularisD. stigmaturusaandD.

supparis

Deuterodon Eigenmann 1907
Deuterodon Eigenmann in Eigenmann, McAtee & Ward 1907: 140 (Type species
Deuterodon iguapby monotypy).
Joinvillea Steindachner, 1908: 29 (Type specisnvillea rosaeby monotypy).
DistoechusGomes, 1947:12 (Type speci€sstoechus stigmaturusy original designation).

Diagnosis.The following synapomorphies indicate the monophatyl diagnose the genus.
Numbers on final of each synapomorphy descript®rthe corresponding numeration of
characters proposed by Mirande (2010), Miraetlal. (2011) and Mirandeet al. (2013),

followed by the state change in this node, the istersce index and the retention index of the

character.

Exclusive synapomorphy.Maxilla not reaching the Meckelian cartilage %39 0>1; 1.00;
1.00). This synapomorphy is exclusive of the gebasterodon Originally Mirande (2010)
described a character that has two states: marab@hing posterior end of Meckelian
cartilage and maxilla not reaching posterior endVieickelian cartilage. Iibeuterodon the
maxilla is short and does not reach the Meckeliariilage in neither portion. All of the
remain examined characids have the maxilla readhied/ieckelian cartilage on the posterior

region.

Non-exclusive synapomorphiesthe following synapomorphies although diagnosing
Deuterodon can be observed in distantly related taxa, beingdrgimony considered non-
homologous with those taxa.

- Maxillary ascending process with a small laterdva projection (397 — 0>1; 0.11; 0.42).
Ambiguous inDeuterodon stigmaturuand parallel inAstyanax intermediysAstyanaxaff.
hastatus Sp. A, Astyanax taeniatysJupiaba abramoidesJupiaba potaroensjsAstyanax

scabripinnis Astyanax douradilh@andAstyanax xiru.

116



-Posteriorly oriented epioccipital spine absent (#>%; 0.06; 0.70). Reversed Deuterodon
supparisand D. rosae Most Characidae species lack the posteriorlynte epioccipital
spine, but other characid species belonging tackage that includeBeuterodonhave this

projection.

-Presence of anterior paired projections of paraspid (40 — 0>1; 0.07; 0.57). ParallelDn
potaroensis A. pelecusJ. essequibensisNematobrycon palmeriThayeria species, some
Hyphessobrycon specjddemigrammusspeciesMoenkhausiaspeciesBario steindachneri
Poptella paraguayensisStethaprion erythropParacheirodon axelrodiAstyanacinus moori

andBryconexodon juruena

-Supraoccipital spine extending posteriorly to)eatst, middle length of neural complex of
Weberian apparatus (53 - 1>0; 0.03; 0.71). Reveisebeuterodon longirostris Most
examined Characidae present the same conditiordfouthe genufeuterodon The most
closely related arelupiabg Astyanax microschemo#styanax jenynsiiand Probolodus

heterostomus

-Dilatator fossa not covered by sixth infraorbitelving a conspicuous naked area in anterior
region of fossa (69 - 0>1; 0.05; 0.79). ParalleDinpedri A. pelecus Stevardiinae species,
most Cheirodontinae specie®Nematobrycon palmeriCarlana eigenmanni Rhoadsia
altipinna, Hasemania nanaThayeria speciesHemigrammusspecies Pristella maxillaries
some Hyphessobrycon species, Moenkhausia species, Poptella paraguayensis
Gymnocorymbus ternetzZstichonodon insignjsTetragonopterus argenteusomeAstyanax
species,Nematocharax venustu®sellogrammus kennedyHollandichthys multifasciatus
Pseudochalceus kybuyzCharax stenopterysPhenacogaster tegatusand Hoplocharax

goethei

- Four or more teeth on maxilla (136 - 0>1; 0.0410. Parallel orProbolodusheterostomus
Jupiaba scologaster Nematobrycon palmeri Axelrodia lindae Aphyocharacidium
bolivianum Prodontocharaxcf. melanotusinpaichthys kerriand aphyocharacine species.
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-Presence of a process of scapula forming antboader of scapular foramen (244 - 1>0;
0.05; 0.74). Reversed iD. longirostris and D. rosae On the clade wherBeuterodonis
inserted, onlyDeuterodonspecies have this condition. In most characid ispeof other
clades, the condition observed is the same fouilzeirterodon

-Ten or more teeth on anterior row of dentary (3991; 0.03; 0.64).

DISCUSSION

Morphological and molecular phylogenies generatethia work were congruent in
demonstrating the monophyly @feuterodon sensu strictaccording to Lucena & Lucena
(2002), excludingDeuterodon pedrand D. potaroensis The integration between different
kind of data (molecular and morphological) to gabermypothesis at species level increases
the rigor in the taxonomy decision (Schlick-Steiredr al. 2010). The congruence in
independently analysed molecular and morphologiatdsets makes the hypothesis generated
by our data set very strong and rigorously tested.

Coutinho-Sanches & Dergam (2015) have also condldllat Deuterodonsensu lato
is not a monophyletic group. Their first hypothemsbased exclusively on cytochrome
oxidase subunit | sequences, that should be notalsee to reconstruct phylogenies (Will &
Rubinoff, 2003), showing quite different hypothesdsrelationships than those described
here (e.g.Deuterodon pedrias sister group t®. singularig. Interestingly, their second
hypothesis using only RAG-2 is congruent with oypdthesis in placin@euterodon iguape
D. pedri Astyanax gitorand Probolodus heterostomus a single clade. The corresponding
clade in our study has 15 terminals including tbarflisted above, and the differences
between the two trees topologies may be relatethidgacsmall taxon sampling of Coutinho-
Sanches & Dergam (2015), since the increased tasaompling has a clear and strongly
positive effect on the accuracy of phylogeneticlyses (Zwickl & Hillis 2002; Hilliset al.
2003).

The relationships dD. pedriwith two undescribed characid taxa (Sp. 1 and $pnd

to Astyanax pelecuwas also congruent in both morphological and madéecphylogenies,
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further supportind. pedrias belonging to a clade separate frDeuterodon sensu stricto.
Molecular data orDeuterodon potaroensiwere not available, but morphological data also
placed this species apart frdbeuterodon sensu strictdhis species was closely related to
Jupiaba porangaEven though it appears as sister grougugfiaba porangathe number of
autapomorphies observed h potaroensisis elevated (31 unambiguous autapomorphies).
Unfortunately, we could not identify recent mateaa Deuterodon parahyba® include in
our analyses, but we have examined the type spasinaiowing to confirm that this species
does not have the synapomorphies of the gBrmugerodonIn order to be more conservative,
and in the lack of a more inclusive morphologiaalgses including more genera of the clade
C (Javonillo, 2009) of Characidae, we decide topkBe pedri D. potaroensisand D.
parahybaeas incertae sedign Characidae as previously proposed by Lucenalamgna
(Lucena & Lucena, 2002).

The species dDeuterodonsensu strictaccur only in River drainages of the Atlantic
forest and southern to the magmatic lineament toGaio (Riccominiet al. 2005) in Brazil:
Ribeira de Iguapel). iguapg, South-eastern Atlantic ForedD.(singularis D. rosae D.
longirostris, D. langeiandD. suppari3 and Tramandai-Mampitub® ( stigmaturu} (Fig. 3).
The magmatic lineament of Cabo Frio seems to bé&rgrortant barrier that restricts the
distribution of other genera to southern drainag@sg. Diapoma Cope 1894,
Pseudocorynopom®erugia 1891Chasmocranugkigenmann 1912Rhamdioglanisihering
1907, EpactionotusReis & Schaefer 1998,ampiella Isbriicker 2001, an®seudotothyris
Britski & Garavello 1984). The magmatic lineamehGabo Frio also affects the distribution
patterns of wide distributed species in phylogephi@astudies (e.g-oplias in Pereiraet al.
2012).

Despite of the low support for the hypothesis datrenships among the species
included in theDeuterodonsensu strictpD. stigmaturusandD. singularisform a separate
clade representing the southernmost distributiothefgenus, and a sister group relationship
to the other species that occur to the north ofdikxibution (Fig. 3). These two species are
endemic from Maquiné, Trés Forquilhas and Mampitudlars and Tubardo River basin
respectively. These drainages are located in thee gmlaeodrainage region in Atlantic forest
in Brazil (e.g. Thomazt al. 2015). The othebeuterodonspecies (north) are distributed in

other three palaeodrainages. Palaeodrainages Imawepartant role in interpreting general
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patterns of diversity in Riverine organisms (Thoneaal. 2015). Additionally, Thomaz and
colleagues (Thomazt al. 2015) highlighted the possibility that palaeodrgmaonnections
could influence the structure patterns of presespiufations. A more inclusive study of
Deuterodonspecies may corroborate this hypotheses, oncedidtabution patterns and
species relationships found by us suggest someeimfe in the species range almogstal
river drainages of southern Brazil.

The tree synapomorphies proposed by Lucena anchbu@902) were not recovered
as synapomorphies fddeuterodon Their redefinition of the genus was based on anm
homology hypotheses. According to de Pinna (1981B,test of synapomorphies is split in
two steps: first when similarities are observed anpgposed to be synapomorphies (primary
homology, hypotheses) and second when the prim@nologies are tested in more inclusive
phylogenies and are found as actual synapomorptoesupport clades (secondary
homologies). The inclusion of the synapomorphiegppsed by Lucena and Lucena on more
extensive and exhaustive test is a clear exampl¢h@fimportance of testing primary
homologies. The phylogenetic test allows us todbaihderstand trait evolution flowing by
the history of organisms, and point us which chargc should be considered as
synapomorphies to define clades and to recognirerge families, sub families, orders.
Despite these, the seminal work of observationiraflarities (primary homology search) is
primordial for further analyses. Although the trefgaracteristics proposed by Lucena and
Lucena were not recovered as synapomorphies taed@éuterodon the monophyly of the
genus, previously proposed by these authors wasveeed with the support of other
synapomorphies. Actually, the character observedLbgena & Lucena proved to be
synapomorphies at higher levels, helping to sodationships among inclusive clades.

From the twenty characters created to improve tiagerstanding oDeuterodonand
related genera relationships, only 3 of them amaggmorphies foDeuterodongenus. Some
of the new characters proposed based on the @enptioved to be homoplastic and occur
among different characid lineages. The teeth witkps nearly equal in size, basal tooth
portion narrower than apical portion, dentary teieiberted laterally and visible in ventral
view, maxillary teeth located ventrally to the bomere observed in other, distantly related
Characidae taxa such Beuterodonspp.,Bryconamericus iheringiiJupiaba polylepisand

Cheirodontinae. It suggests that characters relaigdmouth, especially teeth, can be highly
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plastic features associated with feeding habitseandronmental conditions in which species
are inserted. According with ecological studies ttieed species have similar feeding
preferences. Cheirodontines have a tendency tavieeybwith zooplanctivory habit (Dias,
2007).Bryconamericus iheringihas preference to eat algae and microcrustacéanalénte,
1983) and could be considered planctophagous (Betgal. 2006).Deuterodon stigmaturus
is algae feeder and should be considered herbigof@ala Corte, 2012). This similarity in
feeding habits suggest a similar niche occupati@at may contribute to the independent

development of the similar teeth morphology in ehdistantly related characids.
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Table 1 Information content, molecular model of evolutamd characteristics of

each molecular data partition

Gene

COl ND2 MYHG6 SH3PX3
Number of sequences 40 30 36 25
bp after alignment 699 903 779 724
Number of variable sites 233 618 110 175
Number of informative 205 574 53 73
characters under parsimony
% informative characters under 29.3 63.5 6.8 10
parsimony
IIa 0.24 0.32 0.30 0.25
I 0.25 0.26 0.21 0.27
Il 0.18 0.13 0.24 0.28
Iy 0.32 0.29 0.25 0.20
Minimum p-distance among 0.00 0.00 0.00 0.00
sequences
Overall mean genetic distance 0.13 0.27 0.02 0.04
(p-distance)
maximump-distance among 0.22 0.45 0.07 0.18

sequences

Molecular model of evolution GTR+I+G GTR+G

GTR+I1+G GTR+G
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S1.Specimens used to molecular analyses

Voucher Species Sample Locality Genbank
number acss
number
UFRGS 18508 Deuterodon langei TEC4103 Paranagua River basin KY327419
UFRGS 18525 Deuterodon iguape TEC 4138 Ribeira do Iguape River  KY327420
basin
UFRGS 20032  Deuterodon iguape TEC 4130 Ribeira do Iguape River  KY327421
basin
UFRGS 18495 Deuterodon suparis TEC 4651 Itajai River basin KY327422
UFRGS 18518 Deuterodon singularis  TEC4087 Tubaréo River basin KY327423
UFRGS 16519 Deuterodon stigmaturus TEC2847 Rio Trés Forquilhas KY327424
UFRGS 16208 Deuterodon stigmaturus TEC2350 Maquiné River basin KY327425
UFRGS 18629 Deuterodon langei TEC3935 Cubatéo River basin KY327426
UFRGS18913  Astyanax jenynsii TEC4271 Paraiba do Sul River basin KY327427
UFRGS 17542  Astyanax CT1936 Doce River basin KY327428
michroschemos
UFRGS 17542  Astyanax CT1940 Doce River basin KY327429
michroschemos
UFRGS19058  Astyanax giton TEC4033 Doce River basin KY327430
MZUFV 4459 Astyanax giton CT3464 Doce River basin KY327431
MZUFV 4458 Astyanax intermedius  CT2801 Doce River basin KY327432
UFRGS18894  Astyanax intermedius  TEC4554 S&o Jodo River basin KY327433
MCP 47661 Deuterodon pedri CT2521 Doce River basin KY327434
UFRGS17543 Deuterodon pedri CT2529 Doce River basin KY327435
MZUFV3992 Spl CT2353 Doce River basin KY327436
MZUFV3992 Spl CT2765 Doce River basin KY327437
MZUFV 4457 Sp2 CT2965 Doce River basin KY327438
MZUFV 4457 Sp2 CT2971 Doce River basin KY327439
UFRGS18957  Astyanax lacustris TECA4772 Santa Maria da Vitéria KY327440
River basin
UFRGS19055  Astyanax lacustris TEC4030 Tiririca lake, Doce River  KY327441
basin
UFRGS 18503  Astyanax laticeps TEC4113 Ribeira de Iguapé River  KY327442
basin
UFRGS 18503  Astyanax laticeps TEC4115 Ribeira de Iguapé River  KY327443
basin
MZUFV 4456 Astyanax scabripinnis  CT2772 Doce River basin KY327444
MZUFV 4456 Astyanax scabripinnis CT2773 Doce River basin KY327445
UFRGS19070  Astyanaxaff. fasciatus TEC4074 Doce River basin KY327446
UFRGS19746  Astyanax\ sp TEC5291 Tripui River, Doce River  KY327447
basin
UFRGS 19147  Astyanax fasciatus TECA4865A Tramandai River basin KY327448
UFRGS 19147  Astyanax fasciatus TEC4865 B Tramandai River basin KY327449
UFRGS 19135  Astyanax fasciatus TECA4853A Tramandai River basin KY327450
UFRGS 19135  Astyanax fasciatus TEC4853B Tramandai River basin KY327451
UFBA 07798 Myxiops aphos A Paraguacu drainage KY327452
UFBA 07798 Myxiops aphos B Paraguacu drainage KY327453
ROM96089 Jupiaba essequibensis T15810 Essequibo River, Guyana KY327454
ROM96166 Jupiaba mucronata T16213 Guyana KY327455
UFRGS18758 Probolodus TEC4184 Paraibuna River, Paraiba d&KY327456
heterostomus Sul River basin
UFRGS22004 Serrapinus heterodon  TEC6956 Doce River basin KY327457
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Voucher Species Sample Locality Genbank
number acss
number
UFRGS18431 Hyphessobrycon TEC3824 Magquiné River, Tramandai KY327458
luetkenii River basin
UFRGS19226 Hyphessobrycon TEC4921 Mostardas River KY327459
luetkenii
UFRGS 19342  Astyanax taeniatus TEC4997 Macaé River basin KY327460
UFRGS 19342  Astyanax taeniatus TEC5000 Macaé River basin KY327461
UFRGS 18516  Astyanax ribeirae TEC 4112 Ribeira do Iguape River  KY327462
basin
UFRGS 20032  Astyanax ribeirae TEC 4137 Ribeira do Iguape River  KY327463
basin
UFRGS 18904  Astyanax hastatus TEC 4527 Macaé River basin KY327464
UFRGS 18906  Astyanax hastatus TEC 4529 Macaé River basin KY327465
MCZ17510 Deuterodon pedri lectotype Santo Antbénio River, Doce

River basin, Ferros, Minas
Gerais, Brazil
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Using ancient DNA to unravel taxonomic puzzles: the identity of

Deuterodon pedri (Ostariophysi: Characidae)

Priscilla C. Silva, Maria C. Malabarba and Luiz R. Malabarba

Accurate identification 1s essential for any study exploring biodiversity. Unfortunately, museum type specimens preserved
for more than a hundred years are often not informative enough for precise identification of the species represented by the
name-bearning type. The vse of ancient DNA can help solve taxonomic problems when name-beanng types no longer have
diagnostic morphological features that allow for an accurate identification of the species involved. That is the case for
Deuterodon pedri, an endemic species from a small drainage in the rio Doce basin in Minas Gerais, Brazil, for which the
type material 1s in poor condition. Specimens of D. pedri were collected in 1865 by the Thayer Expedition to Brazil and fixed
in spirits, enabling them to yield viable DNA. As the morphology alone of the type material does not allow for an accurate
identification, we used both morphological and ancient DNA (aDNA) methods to decisively establish the identity of D.
pedri. This identification allowed us to recognize the species among recently collected specimens and then, based on them,
redescribe the species. A genetype for the lectotype of D. pedri 1s presented.

Keywords: Lectogenetype, Mim-Barcode, Primers, Rio Doce, Thayer Expedition.

Uma identificacio acurada é fundamental para qualquer estudo que explora a biodiversidade. Infelizmente, espécimes de
musen descritos ha mais de cem anos, algumas vezes nio sio informativos o suficiente para uma identificacio precisa da
espécie representada pelo tipo. O uso de DNA antigo pode ajudar a resolver problemas taxonémicos, quande espécimes tipos
n3o apresentam mais as caracteristicas morfolégicas diagnosticas que permitem a identificacio precisa das espécies. Esse é o
caso de Deuterodon pedri, uma espécie endémica de uma pequena drenagem na bacia do rio Doce, em Minas Gerais, Brasil
cujo material tipo encontra-se em condigdes precanas. Espécimes de D. pedri foram coletados em 1865 pela Expedigdo Thayer
ao Brasil e fixados em “cachaga™, o que permite apresentar DNA vidvel Como apenas o exame morfolégico do material
tipo nio permitinia a identificacio precisa, nés usamos ambos os dados de anilises morfologicas e DNA anfigo (aDNA)
para estabelecer decisivamente a identidade de D. pedri. Esta identificacio permitiu reconhecer a espécie entre exemplares
coletados recentemente &, com base neles, redescrever a espécie. E apresentado um genetipo para o lectétipo de D. pedri.

Palavras-chave: Expedigio Thayer, Lectogenetipo, Mimi-Barcode, Primers, Rio Doce.

Introduction

Taxonomy i1s fundamental to the biological sciences.
More than merely labeling biodiversity, taxonomy 1s essential
for any study explonng biodiversity. Thus, the accurate
identification of life forms 1s crucial not only to understanding
biodiversity but also for any taxonomy-based study, whether
phylogenetic, evolutionary, inventorial, ecological or
conservation-focused (Buerki, Baker, 2016; Vecchione et al |
2000). As the traditional reposttory for biclogical specimens,
and recent years also for tissue samples, museum collections
are a valuable resource for mapping and naming biodiversity.
However, independent of the collecting and storage methods,
musenm matenals tend to degrade over time. Century-old

name-beanng types are often mvolved in nomenclatural
doubts and ambigmties because they no longer exhibit the
diagnostic features that allow an accurate identification
(Cappellini ef al., 2013). The use of ancient DNA (aDNA)
can help to solve these taxonomical problems.

Ancient DNA techniques were first used in 1984 to
recover DNA from a 150-year-old museum specimen of
an extinct subspecies of the Plains Zebra Equus quagea
(Higuchi et al , 1984). In that study, aDNA was used to solve
wdentification problems and was sufficient for determining
the phylogenetic relationships of the species, which allowed
the development of a project for breeding and re-introducing
the Quaggas (http://'www quaggaproject. com/quagga-dna-
results htm).

Departamento de Zoologia and Programa de Pos-Graduagdo em Biologia Animal, Universidade Federal do Rio Grande do Sul, Av. Bento
Gongalves 9500, 91501-970 Porto Alegre, RS, Brazil. (PCS) pricarola@gmail com (corresponding author), (MCM) claudia malabarba(@

ufrgs br, (LEM) malabarb@ufrgs br

e160141[1]
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The lectogenetype of Deuterodon pedri

Deuterodon pedri Eigenmann, 1908 was collected in 1865
by Ward duning the Thayer Expedition to Brazil (see www.
mez harvard edu/Departments/Ichthyology/expeditions
thayer hasslerhtml; Higuchi, 1996). As usual then, the
specimens were fixed in an available spint (“cachaca™ m
this case), which could yield viable DNA sequences (De
Bruyn et al., 2011). The adoption of formaldehyde fixation
made DNA difficult to amplify from more recent collections
because formaldehyde fixation degrades DNA and cross-
links DNA DNA to protein, and protein to protein (Schander,
Halanych, 2003). Eigenmann (1908) briefly described the
species based on seven specimens, which were in very poor
conditions (Fig. 1). Later, Eigenmann (1927:348) provided
a more complete description of the species, indicating the
same seven damaged specimens as cotypes (=syntypes)
and again emphasized their poor conditions. In a more
recent redefimtion of the genus Deuterodon Eigenmann,
1907, Lucena, Lucena (2002) placed the species D. pedri
as fncertae sedis in Characidae. After inspection of two of
the syntypes. Lucena, Lucena (2013) designated a lectotype
(MCZ 21081) and consequently four paralectotypes (MCZ
170510) for D. pedri, observing that only five specimens
(not seven) were registered as syntypes at the collection
database of the Museum of Comparative Zoology. Lucena,
Lucena (2013) also commented that the only paralectotype
they examined clearly belonged to a species different from
the lectotype.

In 2015, as part of her doctoral dissertation, one of the
authors (PCS) had the opportunity to examine the types

in an attempt to identify D pedri and recognize it among
recently collected material from the type locality. However,
more than a hundred years after the description, the original
specimens had deteriorated so severely that they no longer
provide morphological information sufficient for a definitive
identification of the species based on moerphological traits
alone. Thus, we sought to resolve the identity of D. pedri
by combining the scant morphological information available
with DNA data from the type specimens.

Ancient specimens usually contain highly degraded
nucleic acid molecules (Linderholm, 2016), which directly
complicate the amplification process. In addition, probably
because of their poor conditions, in 1978 the syntypes of D.
pedri (Fig. 1) were re-fixed in 10% formalin for 28 days,
which further degraded the DNA and made the amplification
and sequencing even more difficult We applied a DNA
protocol that proved successful for accessing the ancient
information stored in the genomes of these museum
materials. The sequences obtained from selected Cytochrome
oxidase ¢ subunit 1 (COI) regions of the type specimens
were compared with those of fresh specimens from the type
locality and nearby localities to find a match and definitively
wdentify the species. The aDNA sequences from the lectotype
matched those from some of the fresh specimens, enabling
the comrect recognition and redescription of D. pedri. The
D. pedri lectogenetype here presented comresponds to the
DNA sequence obtained from the lectotype. The term was
proposed by Chakrabarty (2010), to indicate DNA sequences
generated from type specimens.

Fig. 1. Deuterodon pedri, MCZ 21081, lectotype, 78.56 mm SL and onginal labels.

Material and Methods

Tissue collection, DNA extraction and sequence
generation for museum specimens. A 2 mg fragment of
epaxial muscle tissue was removed from the night side of
the body by incision from the lectotype (MCZ 21081) and
one of the paralectotypes (MCZ 170510, 58.6 mm SL) of D.
pedri. The tissue samples were processed in the molecular
biology facilities of the Smithsonian Natienal Museum of
Natural History. DNA was extracted using the QLAamp
DNA mucro kit (Qiagen) following the manufacturer’s
protocol. A megative control containing no sample was

e160141[2]

prepared and analyzed following the same procedure used
for the ancient samples. The extractions were conducted
in a dedicated laboratory area free from DNA and PCR
products (amplicons); meanwhile PCRs were camed out
in an 1solated section of a different laboratory to avoid
contamination from other DNA extracts (Gilberi ef al.,
2005). Given the highly fragmented nature of the aDNA
{(Linderholm, 2016), the primers were designed in this
study to flank small fragments of 100 - 150 bp of the
COI gene (see Tab. 1). We designed 5 sets of primers to
cover the entire COI gene, but only the two first sets were
successfully amplified. PCRs were performed in a volume of
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10 pL of a Promega Hotstart Master Mix under commercial
recommendations. The PCR products were purified by
the Exosap enzymatic method (25% exonuclease, 25%
Shrimp Alkaline Phosphatase and 50% deionized water),
and sequencing was performed at the Laboratory of
Analytical Biology at National Museum of Natural History,
Smithsonian, Washington DC. Each fragment of sequence
was independently aligned using Clustal W in MEGA 6.0
software (Tamura ef al., 2013). The p-distance between
the ancient sequence and modern ones was estimated

Tab. 1. COI DNA pnimers designed for this study.

using the default conditions (Kimura 2-parameter model;
d: Transitions + Transversions: vmiform rates; Pairwise
deletion; three codon positions selected) of the MEGA 6.0
software (Tamura ef al., 2013). To illustrate the relationship
among the sequences, a Neighbor Joining tree (using the
same default conditions for calculating of p-distance) was
constructed in MEGA. Additionally, polymorphic sites
were identified using DnaSP software (Librado, Rosas,
2009) and a haplotype network was drawn using Network
5.0 software (Fluxus technology Lid.).

Primer Sequence Right

Primer Sequence Left
COI-1 3 GTATTYGTITGCCTGAGCYGG 3°
COIL-2 ¥ WICCCTTTTAGGTGAYGACC 3°

5" TATRACRAARGCATGTGCGG ¥
5" KGGRGGAAGAAGYCARAAGC 37

Tissue collection, DNA extraction and sequencing for
modern specimens. For the companson with museum
samples, we sequenced 699 base pairs of the COI gene for
47 mdividuals from 30 species (51- Available only as online
supplementary files accessed with the online version of the
article at htip:/'www.scielo.br/nt). Tissues previously fixed
in 96% ethanol from the fish collection of the Departamento
de Zoologia, Universidade Federal do Rio Grande do Sul
(UFRGS), Museu de Zoologia Jodo Moojen da Universidade
Federal de Vigosa (MZUFV), Royal Ontario Museum
(ROM), and Umversidade Federal da Bala (UFBA).
DNA was exfracted from the gll filaments, muscles, or
liver tissue of the samples using the “Phire Animal Tissue
Direct PCR Kit™ developed by Thermo Scientific® under
commercial recommendations. COI was amplified with the
primer cockiails FishF1t1 and FishR1t1 (Ivanova efal., 2007).

The PCR reactions were conducted in a reaction
volume of 20 pL [10.3 pL of H20, 2 uL of 10x reaction
buffer (Platinum®Taq), 0.6 pL of MgCI2 (50 mM), 2 uL
of dNTPs (2 mM), 2 uL of each primer (2 pM), 0.1 pL (5
U) of Platinum® Taq (Invitrogen). and 100 ng of template
DNA]. The PCR conditions were as follows: an initial DNA
denaturation at 94°C for 3 mun followed by 35 cycles at
94°C for 30 s, 52°C for 40 s, and 72°C for 1 min and a final
extension at 72°C for 10 min.

The PCR products were purfied using the Exosap
enzymatic method (25% exonuclease, 25% Shrimp Alkaline
Phosphatase and 50% deiomized water), and the sequencing
was performed by Macrogen Inc, Seoul, South Korea, and by
Ludwig Biotec at Porto Alegre, Brazil. The sequences were
aligned using Clustal W in MEGA 6.0 software (Tamura ef
al., 2013), and the alignments were visually inspected for
any obvious base miscall (base incorporated at the sequence
different from the color pic showed at chromatograms).
All work mvolving modern DNA was performed at the
molecular biology laboratory of Departamento de Zoologia
(UFRGS, Porto Alegre, RS, Brazil), with separately ordered
primers (Ishida ef al , 2011).

Morphological techniques. Measurements and counts
followed Fink, Weitzman (1974), with the exception of the
number of scale rows below the lateral line, which were
counted from the scale row ventral to the lateral line to the
scale row nearest to the onigin of the first pelvic-fin ray.
The measurements were taken pomt to point with an
electromic caliper on the lefi side of specimens. Measurements
are expressed as the percentage of standard length (SL) except
for subunits of the head, which are recorded as percents of
head length (HL). The counts of vertebrae, supraneurals,
and procurrent caudal-fin rays were taken from cleared and
stamned specimens (c&s). The vertebral counts included the
four vertebrae of the Weberian apparatus, and the terminal

centrum counted as a single element.

Institutional abbreviations. MCN, Museu de Ciéncias
Naturais da Fundagio Zoobotinica do Rio Grande do
Sul, Porto Alegre; MCP, Museu de Ciéncias e Tecnologia,
Pontificia Umiversidade Catdlica do Rio Grande do Sul,
Porto Alegre; MCZ, Museum of Comparative Zoology of
Harvard University, Cambridge; MNRJ, Museu Nacional,
Umniversidade Federal do Rio de Janeiro, Rio de Janeiro;
MZUSPE, Musen de Zoologia, Universidade de Sio
Paulo, Sio Paulo; UFRGS, Departamento de Zoologia,
Universidade Federal do Rio Grande do Sul, Porto Alegre.

Results

Molecular analyses of type sequences. In the leciotype
(MCZ 21081), only two sets of the five designed primers
directly in-line succeeded in recovening the first third of
the COI sequence with 136 (COI-1: starting at bpl) and
179 (COI-2: starting at bp115) base pairs each. Since the
COI-1 sequence showed a p-distance 0.1 or 10% from
recently collected material from the Sanio Anténio River
basin, which 1s the type locality of D. pedri, and a distance
greater than 0.1 from all other characid species included in
the alignment, it was excluded from further analysis (see
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additional comments on the Discussion). Concerning the
paralectotype (MCZ 170510, 58.6 mm SL), although the
DNA extraction was successful, the amplification (PCR)
failed. The COI-2 lectotype sequence was compared
separately with the characid sequences of 48 species of
Astyanax Baird & Girard, Deuterodon, Hyphessobrycon
Durbin, Jupiaba Zanata, Myxiops Zanata & Akama, and
Probolodus Eigenmann from the coastal and the rio Doce
drainages. All data referring to this comparative matersal,
including the GenBank accession numbers, (are listed in

§1 - Available only as online supplementary files accessed
with the online version of the article at hitp:/‘www.scielo.
br/m). The lectotype COI-2 sequence {accession number
KY345055) showed the lowest p-distance (p=0.01=1%:
§2 - Awvailable only as online supplementary files accessed
with the online version of the article at hittp://www scielo br/
i) to a characid fish population recently collected from the
110 Santo Anténio in the rio Doce basin (MCP 47661 and
UFRGS 17543), indicating that these specimens actually
correspond to D. pedri (Fig. 2).

Astyanae from coastal drainages
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Serrapinus keterodon
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Fig. 2. Neighbor Joining tree and Haplotype network showing high similarity between specimens collected at rio Santo
Antdnio basin and sequence of the lectotype of Deuterodon pedri. a. Neighbor joining tree with bootstrap values. b, Haplotype
network of D pedri clade. Numbers in each branch of the net refer to number of mutational steps between haplotypes.

Morphological analyses of type specimens and of
specimens identified by Eigenmann as Denferodon pedri.
The examination of the type series of D. pedri detected
two different species among the syntypes. The lectotype
(MCZ 21081, 78.6 mm SL) and two of the paralectotypes
(MCZ 170510, 72.1 and 76.3 mm SL) have dentary teeth
decreasing gradually in size posteriorly, bearing seven
cusps each (Figs. 3a.c). This same tooth arrangement is
observed in the characid samples from the rio Santo Antdénio

e160141[4]

and rio Piracicaba populations, both of which are western
tributaries of the rio Doce. That similanity is comncident
with the analysis of the aDNA amplified from the lectotype,
and also matches the DNA from the Santo Antdénio niver
population. As with the lectotype. these two paralectotypes
and the fresh specimens from these populations do not differ
in other counts and measurements. Thus they are considered
conspecific and the newly-collected samples from the rio
Doce basin are used below in the redescription of D. pedri.
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Two of the paralectotypes (MCZ 170510, 58.6 and 714
mm SL), however, have dentary teeth decreasing abruptly in
size after the fifth (Figs. 3b.d), with five cusps on the three
anterior dentary teeth instead of seven. These do not belong
to D pedri. Previously, Lucena, Lucena (2013) noted that
at least one paralectotype was distinct from the lectotype,
but it was left as an unidentified species. Comparnison with
recent material from Santana de Ferros (Ferros, state of Minas
Gerais) and with the type senies of Astvanax intermedius
Eigenmann, 1908, allowed the identification of these two
paralectotypes of D. pedri, as A. intermedius.

Furthermore in the original description of Deuterodon
pedri, Eigenmann listed five lots (MCZ 20956-20960;
Fig. 4} collected by Dom Pedro I, the Brazilian Emperor,
at Santa Cruz, Rio de Janeiro State. Although Eigenmann
(1908, 1927) did not include this additional material as part

of the type series, he mentioned the possibility that they
belong to D. pedri. Due to the poor conditions of the types.
Eigenmann (1908:99. 1927-348) claimed that an “absolute
morphologically identification 1s impossible.” Examination
of two of these five lots (MCZ 20956 and 20958) allowed
us to reject thewr assignment to D. pedri. These specimens
present bony hooks distributed on the anal-, dorsal-
pectoral-, pelvic- and caudal-fin rays, instead of bony hooks
only on the anal-fin rays, as observed in D. pedri. In addition,
these specimens have fewer lateral line scales (35-37 vs. 39-
41 in D. pedri) and a humeral spot with the dorsal portion
expanded like a large dot and the ventral portion narrow
and curved anteriorly (like a comma) rather than bar-shaped
as in D. pedri. In view of that, we propose that these lots
collected by Dom Pedro II be assigned to Astyanax hastatus
Myers, 1928, which presents these same features.

Fig. 3 Two paralectotypes of Deuterodon pedri, MCZ 17510. a-c. Photograph and X-ray computed tomography of the
paralectotype with 72 1 mm SL, showing the dentary teeth decreasing gradually i size, corresponding to D. pedri. b-d.
Photograph and X-ray computed tomography of the paralectotype with 58.6 mm SL, showing the dentary teeth decreasing

abruptly, corresponding to Astyanax intermedius.

Fig. 4. Specimen of Astvanax hasfatus from Santa Cruz. Rio de Janeiro (MCZ 20958, 33.0 mm SL), tentatively identified as

Deuterodon pedri by Eigenmann (1908).

e160141[5]
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Deunterodon pedri Eigenmann, 1908
Figs. 1, 3a-b, 5-7, Tab. 2

Deuterodon  pedri Fipenmann 1908:98 (brief description).
-Eigenmann, 1927:348 (description; type locality: Santa Anna
de Ferros, Minas Gerais, Brazil). -Lucena, Lucena, 2002: 119
(placed as incerige sedis m Characidae). -Lucena, Lucena,
2013: 598 (MCZ 21081 designated as lectotype). -Coutinho-
Sanches, Dergam, 2015: 9 (Cytogenetic data).

Diagnosis. Deuterodon pedri can be distinguished from all
congeners by the following combination of characters: a
characteristic pigmentation on the two or three longitudinal
and dorsolateral senes of scales below the dorsal fin, each
scale showing an arched and well-delineated strip at the
distal margin of the free border; this strip 1s either dark
brown when chromatophores are expanded (Fig. 5a) or
translucent when chromatophores are contracted (Fig.
5b) — in either case it 15 clearly distinguishable from the
pigmentation of the whole scale; dentary teeth decreasing
gradually in size; number of anal-fin rays 18-21 i females
(n=26) and 22-24 1n males (n=3); longitudinal lateral silver
band starting 5 or 6 scales posterior to upper margin of
the opercle; humeral spot bar-shaped, vertically elongated
above and below the lateral line; bony hooks only on anal-
fin rays of mature males.

Fig. 5. Detailed images of the dorsolateral senies of scales
in Deuterodon pedri, showing their pigmentation pattern,
each scale showing an arched and well delineated stnp at
the distal margin of the free border that 1s erther dark brown
when chromatophores are expanded (a. MNEJ 38463, 51 18
mim SL)} or translucent when chromatophores are contracted
(b. MCN 19698, 85.70 mm SL).

Deuterodon pedri can be further differentiated from
morphologically similar species of the genus dstyanax
that occur 1 Atlantic coastal river basins by the higher

e160141[6]

number of perforated scales in the lateral line (39-41 vs.
35-38 in most of species), except 4. aff fasciatus (Cuvier,
1819). A parahvbae Eigenmann, 1908 and 4. taeniatus
(Tenyns, 1842). From 4. aff fasciatus, 4. parahybae and
A. scabripinnis (Jenyns, 1842) it can be distinguished by
the dentary teeth decreasing gradually in size posteriorly
(vs. dentary teeth decreasing abruptly after the fourth
tooth). From 4. taeniatus, D. pedri can be distinguished
by the absence of a gap between the symphyseal teeth
of dentary and by a rectangular and vertically elongate
humeral spot (vs. the presence of a gap between the
symphyseal dentary teeth and humeral spot shaped like
a comma).

Description. Morphometric data are summarized in Tab.
2. Body compressed and elongated; deepest at dorsal-
fin origin. Snout profile slightly rounded from margin
of upper lip to vertical through anterior nostrils. Dorsal
profile of head straight between vertical through posterior
nostril and tip of supraoccipital spine. Body profile
convex from tip of supraoccipital spine to dorsal-fin base;
ventrally slanted from this point to caudal peduncle.
Ventral profile of body convex from margin of lower lip
to pelvic-fin origin, and straight from that point to anal-fin
origin. Body profile along anal-fin base dorsally slanted.
Caudal peduncle elongated and nearly straight to slightly
concave along both dorsal and ventral margins.

Head small. Mouth terminal or slightly sub-terminal.
Mazxilla extending posteriorly to vertical through anterior
margin of orbit, slightly oblique. Anterodorsal border of
maxilla slightly concave, posterodorsal border slightly
convex, and ventral border convex.

Premaxilla with two tooth rows: outer row with three
(6) or four (5) teeth bearing four. five or six cusps with
central cusp longer. Five teeth (11) on inner row, gradually
decreasing in size from first to fifth teeth. Symphyseal
premaxillary teeth of inner series distinctively narrower
than other teeth and asymmetrical, with two or three short
cusps shorter on medial side near symphysis, followed
by a high cusp and another three or four short cusps on
lateral side of tooth. Teeth with five to nine cusps, with
central cusp longer and as broad as other cusps. Maxilla
with three (10) or four (1) teeth with five to seven cusps
(usually 5 or 6), central cusp longest Seven or six
anteriormost dentary teeth larger than other teeth, with five
to eight cusps, followed by three or four teeth gradually
decreasing with three to five cusps. Central cusp i all
teeth as long and broad as other cusps. Symphyseal teeth
of dentary narrower than others with seven or eight cusps.

Dorsal-fin rays 11.9(27). Distal margin of dorsal fin
straight or slightly convex. Dorsal-fin origin approximately
at middle of SL. Anal-fin rays 1-1v, 18(5), 19(15), 20(4).
21(2) 1n females and 22(1), 23(1), 24(1) in males. Anal-
fin distal border concave, with rays decreasing in size,
with anterior-most rays much longer than others. Anal-
fin origin located approximately on vertical through base
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of postenior third portion of dersal-fin. Pectoral-fin rays
1, 11(4), 12(15), 13(9). Pectoral-fin tip falls one or two
scales short of vertical through pelvic-fin insertion or
reaching pelvic-fin origin in some specimens. Pelvic-
fin rays 1(9). u(18), 7(27). Dorsal-fin origin located at
vertical line through first third part of pelvic-fin. Tip of
adpressed pelvic fin falls one or two scales short of anal-
fin origin. Caudal-fin forked with 18(1), 19(22), 20(2)
principal rays. Dorsal procurrent rays 11(1) or 12(1).
Ventral procurrent rays 10(2).

Lateral line slightly curved anteriorly, completely
pored, with 38(2), 39(10), 40(13) or 41(4) (mean= 39.7,
n = 29) perforated scales. Horizontal scale rows between
dorsal-fin origin and lateral line 5(26) or 6(1). Hornizontal
scale rows between lateral line and pelvic-fin onigin 4(27).
Pre-dorsal scales 9(1), 10(5). 11(15), 12(6). arranged
regular or irregular series. Thirteen (12) or fourteen (13)
scale rows around caudal peduncle. Scale sheath along
anal-fin base formed by six to ten scales in a single series
and covering base of anteriormost rays.

Precaudal vertebrae 16(2); caudal vertebrae 21(2); total
vertebrae 37(2). Supraneurals 5(2). First gill-raker upper imb
of 6(9). 7(4). or 8(2) + lower branch 11(8), 12(6) or 13(1).
Anal pterygiophores 20(2). Dorsal pterygiophores 10(2).

Coloration in alcohol. Dorsal and dorsolateral portions of
head light brown_ Infracrbitals, preopercle and opercular bones
silver, without chromatophores or rarely a few. Lips yellow to
light brown. snout with concentration of few chromatophores.
Dorsal and dorsolateral portion of body dark brown. Scales
above lateral band showing an arched and well-delineated strip

bordenng the posterior margin. This strip 1s either dark brown
when chromatophores are expanded (Fig. 5a) or translucent
when chromatophores are contracted (Fig. 5b); in any case it
is clearly distinguishable from the pigmentation of the whole
scale. A conspicuous dark or silver midlateral band extending
from two scales after humeral spot to the muddle caudal-fin
rays crossing a slightly rectangular caudal spot. Humeral
spot vertical and bar-shaped, extended for two or three scales
above and one or two scales below lateral line. Pectoral-,
pelvic-, and anal-fins hyaline. Dorsal fin usually hyaline; in
some cases with disperse chromatophores on distal portion of
rays. Caudal-fin border slightly black (Fig. 6).

Sexual dimorphism. One pair of bony hooks per segment
are present on each lepidotrichium along the anal-fin rays
of mature males. They are delicate and narrow, distributed
from the 4th unbranched ray to the 12% to 19" branched
rays. The number of segments bearing bony hooks
decreases gradually from the anterior to the posterior rays
on all observed males. Males have a higher number of
rays (22-24) than females (18-21). Gill glands were not
observed on first gill arch 1n either males or females.

Geographical distribution. Until recently, Deuterodon
pedri was considered endemic to the no Santo Anténio
basin (its type locality). The latest collecting trips have
found the species in the rio Guanhies, which 1s a tributary
of the rio Santo Anténio, and at the confluence of the no
Brumadinho and the o Caraga, which are tributaries of
the rio Piracicaba. All of these are sub-drainages of the o
Doce (Fig. 7).

Tab. 2. Morphometric data for Deuterodon pedri, Lectotype (Lec), Paralectotypes (Par) and non-type specimens. 5D =

standard deviation.
Chazacter Lec .Par (n=2) l\u_hles (m=2) F@ﬂm (n=23)

Low High Memn SD Low High Mean SD Low High Mem 5D
Standard length (mum) 785 TX06 7627 1417 - 2659 B71%T BT.MM - 435 8923 7240 -

Percents of standard length
Head length 243 237 248 242 078 218 234 226 1.11 223 274 244 1.50
Predorsal distance 480 495 307 301 087 481 3000 4900 134 466 327 503 1.40
Prepelvic distance 457 429 479 454 350 434 444 439 0.73 434 499 469 1.32
Prepectoral distance 45 2300 236 133 048 233 233 M43 1.44 216 239 136 127
Preanal distance 63.1 644 853 648 067 627 633 631 0.53 629 715 666 194
Depth at dorsal-fin origin 323 30.6 30.7 307 012 311 319 315 0.61 276 376 320 232
Candal peduncle depth 104 107 110 109 0.20 10.0 102 10.1 0.14 9.6 120 109 064
Caudal peduncle length 159 11.8 143 132 195 12.6 144 133 129 131 16.4 1438 0.96
Anal-fin baze 139 - 243 - - 289 305 197 1.12 20.3 262 243 116
Daorsal fin length - 218 238 228 143 242 46 244 031 190 263 38 159
Pelvic fin length 143 15.5 15.6 15.5 0.05 164 169 16.6 033 145 16.7 155 0.66
Pectoral fin length 15.7 175 2061 190 217 110 219 215 0.60 158 233 1.0 145
Percents of head length

Snout length 240 229 238 134 062 41 249 245 0.58 207 278 136 175
Upper Jaw length 303 389 39.0 389 0.62 344 41.1 378 475 304 383 347 1.76
Orbital diameter 323 339 349 344 067 370 413 392 302 386 440 409 145
Interorbital width 323 338 339 339 009 136 370 333 244 276 358 322 124
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Fig. 6. Recently collected specimens of Deuterodon pedri showing vanability according to sex and body size: a, female,
MCN 19697, 7982 mm SL; b, female, MCN 19698, 85.70 mm SL; c, juvenile, MNRT 38463, 51.18 mm SL; d, male, UFRGS

17543, 86.47 mm SL.

Fig. 7. Rio Doce drainage with the distribution of Deuterodon pedri. southeastern Brazil The star indicates the type locality.

Ecological notes. Deuterodon pedri 1s found 1n locahities with
rapid-to-median speed dark waters with substrates of rocks
and sand. At the type locality, this species is syntopic with
other endemic species from the rio Santo Anténio basin (e.g..
Henochilus wheatlandii Garman).

Conservation status. According to IUCN critenia, we
recommend that D pedri be classified as an Endangered
species (EN). The species 1s known from an Extent of
Occurrence (EQQ) of approximately 4,900 km® (B1)_ There
1s a sigmificant continued decline 1n habitat quality [eriterion
B1b(u1)] from continuous extensive iron ore quarrying and
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from the rupture of two dams 1n 2015 that released a large
amount of iron ore waste. which contaminated most of the
rio Doce, including the area between the rio Santo Antdnio
and rio Piracicaba, where the species 15 found This
accident has been reported to have eliminated all endemic
flora and fauna in the affected waterways (Lamberiz,
Dergam, 2015). Additionally, the habitat of the species has
been severely fragmented by hydroeleciric power dams
that modify river hydrodynamics, by quarrying activifies
that renders niver stretches uninhabitable and due to the
presence of 35 exotic fish species in that dramage (Bamros
etal., 2012).
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Discussion

The use of aDNA recovered from the lectotype
associated with the examination of new and representative
samples of characid fish species from the type locality
and nearby proved to be a powerful framework to solve
the taxonomical puzzle of Deuterodon pedri. According
to Marinho et al. (2015), the most challenging genera of
the Characidae (dstyanax, Bryconamericus Eigenmann,
Hemigrammus Gill, Hyphessobrycon and Moeenkhausia
Eigenmann) present serious taxonomic problems mamnly
due to the existence of poorly known widespread species
complexes, old and short descriptions, and poorly
preserved type specimens, most of which have unknown
type localities and uncertain geographical distributions.
The case study of D pedri typifies the problems exposed
by Marinho et al. (2015). The species was described based
on poorly preserved material (Eigenmann, 1908); the type
series included different species (Lucena. Lucena, 2013
and our results), and its assumed distribution was overly
broad because of the incorrect assignation of specimens of
a third species (our results). Not surprisingly, the species
has not been cited in the literature for a long time, and
it has remained an enigma for ichthyologists. Recently,
the description of a new species of Diptera (Marshall
Evenhuis, 2015) that designated a photo as the holotype has
triggered the discussion of whether preserved specimens
are needed for species descriptions (Amonim er al., 2016;
Pape, 2016; Krell, 2016; Ceriaco ef al., 2016). Deuterodon
pedri provides a sound argument for the importance and
utility of preserved types in this discussion.

The result obtained from the first fragment (COI-1),
with a p-distance equal or larger than 0.1 when compared
with all characid species included at the alignment, may
be explained by nucleotide misincorporation m aDNA
(Sawyer er al, 2012). Studies with this kind of sample
have revealed an increased occurrence of depurination of
the DNA followed by hydrolysis of the phosphate-sugar
backbone (Briggs ef al., 2007). An alternative explanation
for COI-1 result s that the primers amplified a numt instead
COI-1. The amplification of numts seems to increase with
the usage of primers to amplify small fragments and is
common in studies with aDNA (Tex ef al., 2010).

The second fragment (COI-2), although short (179
base pairs), is located in a variable region of the gene and
was sufficient to determine the identity of the lectotype
of D. pedri. Long DNA barcode sequences are no longer
considered essential, since even a few base pairs may be
sufficiently informative in solving taxonomical questions
(see Hajibabaei er al.. 2006). The use of such a mini-
barcode has been proposed as an alternative when 1t 1s
not possible to obtain the entire fragment because of the
degraded nature of the samples (Boyer et al., 2012). Our
data further demonstrates that mimi-barcodes can be as
effective as the entire COI gene in determining species
identities.

Deuterodon pedri is a valid species but should be
maintained as incerfae sedis in Characidae as previously
proposed by Lucena, Lucena (2002) since it does not share
the synapomorphies that define the genus: (1) the anterior
region of the toothed portion of the maxilla deeper than
the posterior region of the toothed portion; (2) the ventral
margin of toothed portion of maxilla arching toward the
ventral margin of the premaxilla, determining an alignment
between maxillary and premaxillary teeth; and (3) posterior
region of the maxilla without teeth smaller than anterior
toothed region. An ongoing and more comprehensive study
1s being developed to reconstruct D. pedri’ relationships
and determine 1ts most appropriate generic assignment.

Increasing advances are making molecular techniques
more accessible, facilitating the use of aDNA (Linderholm,
2016) as a complement to solve taxonomical problems. In
cases such as that exemplified herein with D. pedri (see
discussion in Marinho et al_, 2015), the aDNA of museum
types associated with DNA and morphological studies of
new samples will be the key to help solving problems related
to the species identity and relationships. Notwithstanding
the degraded nature of aDNA prevents the amplification
of full COI fragments, we herein demonstrate that the
usage of mini-barcode 1s a powerful tool in the resolution
of taxonomical problems. So, we strongly recommend the
use of small fragments of aDNA for tazonomic resolution
1in cases with high complexity.

Material examined. Deuterodon pedri: Lectotype: MCZ 21081,
78.6 mm SL. Brazil, Minas Gerais State, Sanfta Anna de Ferros,
rio Doce basin at rio Santo Antdnio, approx. 19°17°S 43°02°W,
T. Ward, 1865 Lectogenetype: GenBank accession number
K¥345055. Paralectotypes: MCZ 170510, 2 of 4, 58.64-76.27
mm SL, collected with the lectotype.

Non type-specimens. All from Brazil, Minas Gerais State:
MCP 47661, 7, 76.71-86.90 mum SL., Ferros, rio Santo Antdnio
basin, 19°13°557S 43°01"17"W. UFRGS 17343, 6, BB.O7-
7497 mm SL, and UFRGS 17544, 1 c&s, 8923 mm SL,
same locality as MCP 47661. MCN 19700, 1, 69.99 mm SL,
Ferros, rio Esmeralda, 19°14°0178 42°33°30"W. MCN 19697,
4, 76.4-79.4 mm SL (counts only), Ferros, rio Santo Antdnio,
1971375578 43°01°17"W. MCN 19698, 2, 85.82-73.61 mm 5L,
Ferros, rio Santo Antdnio, 1971375578 43°01°17"W. MNEJ
38463, 10 of 90, 30.49-54.51 mm SL (4, 43.52-54.51 mm SL),
Catas Altas, confluence of the rio Brumadinho and no Caraga,
2070073478 43°28°15"W. MNEJ 38444, 6, 20.73-61.55 mm SL
(3, 44.75-61.55 mm SL), Catas Altas, rio Conceicdo, 2070571175
43°35754"W. MZUSP 75389, 15, 56.51-72.08 mm 5L, Morro do
Pilar, rio Preto, on the road between Morro do Pilar and Santo
Antémio, 1971472975 43°20°20"W. MZUSP 73133, 5, 52.30-
37.53 mm SL (counts only), Dores de Guanh3es, rio Guanhies,
road km 351, 1970372275 42°55°53"W. MZUSP 110653, 1,
66.59 mm SL (counts only). Jodo Monlevade, rio Santa Barbara,
1974675078 43°05"W. MZUSP 110671, 4, 32.60-64 65 mm
SL (counts only), Jodo Monlevade, rio Piracicaba, 19°46°5575
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43°05°38"W. MZUSP 75340, 30 of 134 specimens 43.70-60.79
mm SL (counts only), Dores de Guanhdes, rio Guanhies, road to
quarry, Maria das Dores farm, approximately 8 km N of Dores
de Guanhdes, 19°00733.237S 42°56°20"W. MZUSP 104709, 6,
53.20-62.67 mm SL (counts only), Conceigio do Mato Dentro,
comrego Sdo Jodo, 19°027297S 40°20°34"W.
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Capitulo 4

Solving taxonomic puzzles using ancient DNA: How tdo it better?

Artigo a ser submetido na Revista Neotropical Ichblogy

Priscilla C. Silva, Maria C. Malabarba and LuizNRalabarba

This chapter is especially dedicated to Dr. Richgedi (in memorian) who believed and
gave all support for it to happen, but sadly contd see the results.
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Abstract
Ancient (aDNA), also known as historical DNA, is BNsolated from ancient samples as
subfossils, mummies, or museum specimens. The @sandent DNA in archived
specimens helps to resolve queries such as thaterary relationships between species,
the rescue of extinct populations, and the hisébrimxonomic problems. This new
technigue reinvents the biological collections, imgv new purposes to the museum
specimens. Despite the increasing use of the nenerggon sequencing, the traditional
methodologies like Sanger are still an accessilpton for aDNA. This contribution
reports the experience of extracting and amplifyingA of 53 type specimens of the
Characidae, stored in museums around the word. Kitgsoand two spaces, regular and
isolated, were tested in the extraction and PCBegsises. The samples yielded a mean of
120 ng/ul of DNA in the extractions and no cornglatbetween amount of DNA and time
from tissue fixation was observed. So far, 14 sasiplere amplified, and nine of them
generated viable sequences. Based on this experiguaitielines and protocols to perform
and succeed in aDNA studies are presented. Ounfjagrovide good support for the use
of short and highly variable regions in the ideo#fion of ancient samples. We conclude

that in aDNA studies an isolated place is not aioagbut is mandatory.
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Resumo

DNA antigo (aDNA), também chamado DNA historico,aquele DNA extraido de
amostras antigas como subfosseis, mumias ou egmgdiombados em museus e nao
fixados para essa finalidade. O uso de aDNA emcasps tombados em museus ajuda a
resolver varios tipos de questéo tais como relag@iekitivas entre espécies, recuperagao
de populacdes extintas e resolucdo de problemardenicos historicos. Essa nova técnica
reinventa as colec¢des bioldgicas, dando novo usoeapécimes de museu. Apesar do
crescente uso de sequenciamento de Nova geracdoapessar este tipo de dado, a
metodologia de Sanger ainda é a mais acessivelaparaioria dos pesquisadores. Este
estudo reporta a experiéncia de extracdo e angu#ac de DNA de 53 espécimes tipos
pertencentes a Characidae, de museus de varidgldoes no mundo. Dois kits e dois
espacos fisicos diferentes, um de uso regular ewoenoutro isolado e controlado, foram
testados para extracdo e processo de PCR. Uma dedi20 ng/ul de DNA foi obtida e
nenhuma correlacdo entre quantidade de DNA e tetepfixacdo foi observada. Até o
momento 14 amostras foram amplificadas e nove g@raequéncias viaveis. Baseados
nesta experiéncia, guias e protocolos para rediabalhos de forma efetiva em estudos
com aDNA sdo apresentados. Nossos resultados sdortensuporte de que o uso de
regibes com poucos pares de bases, mas hipervargacee suficientes na identificacdo de
amostras antigas. Concluimos que em estudos de abNBo de local isolado para

trabalhar n&o é opcional, mas obrigatorio.

Keywords
Characidae; Genetype; Sanger methodology; Neoabifét;

Palavras chave:
Characidae; Genetipo; Metodologia de Sanger; Peigesopicais,

Running head

Ancient DNA doing it in the best way
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Introduction

Ancient DNA also known as historical or antiqgue DN# that DNA isolated from
old samples as subfossil bones, mummies, or museegimens, which were not properly
preserved for DNA extraction. As traditional repgoses for biological specimens and
tissue samples, museum collections are valuableuress for mapping and naming
biodiversity. The possibility of extracting DNA fmo archived specimens has reinvented
the museum collections, turning them into powedehetic storehouses for molecular
studies (Gee, 1988; Graves, Braun, 1992), sometimeasling samples of populations no
longer available in nature.

The first record of the aDNA usage was in 1984eimver DNA from a 150-year-
old museum specimen of an extinct subspecies gbltie zebraEquus quaggdHiguchi
et al, 1984). This experience proved to be sufficientd&termine the phylogenetic
relationships of the species in question, whicbvedid the development of a project for the
breeding and re-introduction of the Quaggas (Metiv.quaggaproject.com/quagga-dna-
results.htm).

This publication triggered an explosion of workaikling the recovery of aDNA
from amber preserved species (Canal, 1993), dinosaurs (Woodwaed al, 1994), and
Neanderthal (Caramekit al, 2003), among other famous examples. The effeeviescin
the aDNA field coincided with the enhancement ofRPleased techniques and pyro-
sequencing in the 1980°s (Linderholm, 2016). Atémd of the XX and beginnings of the
XXI centuries, the boom of aDNA works start to d=ge substantially due to the
emerging of criticism pointing out the unrepeat&piind contaminations of the data in
some previously published articles questioning tekability of the results (Cooper,
Poinar, 2000; Gilberet al, 2005). Subsequently, some measures in the priogsed
involving aDNA were proposed in order to produceuwaate and reliable results (Cooper,
Poinar, 2000).

In the taxonomy, the use of aDNA may help to sdhase problems wherein the
type specimens no longer preserve informative featfor a correct identification. Very
old name-bearing types are often involved in norauaal doubts and ambiguities
because they do not exhibit the diagnostic featargsnore Cappelliniet al, 2013).As
very recently demonstrated by Silggal. (2017), aDNA can be a powerful tool for solving
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such taxonomical problems when associated to, eWemmeager, morphological
information.

Due to the high fragmentation of the aDNA, Sangenat the most appropriate
methodology to sequence the molecule. However,eadamonstrate in this paper it can be
used under restrict guidelines and for specifiaultss Also, this technique allows to
establish a genetyp€liakrabarty, 2000 which can be very useful for further studies.(i.
phylogeny, ecology) involving the species.

In this paper, we present our experience extraamd amplifying DNA from old
museum type specimens of Characidae fish familgguSanger methodology. Based on
our experience, we present a detailed protocoudinf guidelines and facilities, intend to

make the use of aDNA easier, more successful diathle

Material and Methods
Taxon sampling.A guideline with detailed information about all theocess (since tissue
extraction until DNA work details) was preparedg(&l) and sent to the museum curators
where the specimens were deposited. We were apghbto sampling tissues and extract
DNA from 53 Characidae type specimens belongindifferent collections: ANSP, CAS,
Field museum, MCZ, MNHN, NWM, BMNH, ZMUC.

Tissue extraction was done with maximum careful aimid damage of the
specimens and contamination of the samples. Thehbeatilized for the process was
previously cleaned with household bleach solutgmd{um hypochlorite 10%) and covered
with absorbent paper (dog pad type) to avoid wetasa during the extraction process.
Every surgical material was previously washed withp and water and then immersed in
a bleach solution bath overnight. After bath, aditemial was dried and then exposed to UV
for 30 minutes to be individually stored in cleaagtic bags. The material used in one
specimen was cleaned in the process describedebiefdre used again in other specimen.
Nitrile gloves, lab coach, mask and hair stuck, evased throughout the process, and
replaced for each specimen.

The ideal region to be sampled was choose accortdinpe conditions of the
specimen: a) in case of good conditions, with scalé over the body, part of the gill

filaments on right side of the body was removedjrbgase of not so good conditions,
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lacking scales at the body, amounts of muscle wareved by small incision below the
dorsal fin on right side of the body or under tled¢vie fins.

Each extracted tissue was immediately insertedarbaml microtube with alcohol
absolute and put under cold storage. The extracedes were sufficient for three DNA

extractions, foreseeing the possibility of repegtime process (Gilbeet al.,2005).

DNA extraction. We tested two kits for DNA extraction: Microamp Q&n and First
DNA from Gen-lal. Both kits were used under thedmmmercial recommendations. After
the extraction, the DNA was quantified using Epadéhicroplate spectrophotometer

(Biotek) and checked for fragmentation in agarasength concentration of 0.8%.

Pre PCR room. The first two extractions were done in the dedidé®re-PCR room of the
Laboratory of Analytical Biology (LAB), at Nationdfluseum of Natural History (NMNH)
of the Smithsonian Institution (SI, Washington D@®Yith the objective to avoid the
contamination of the extracted DNA, this room isigeated only for DNA extraction and
materials from PCR room are strictly forbidden.

In this room, the extractions were performed inhapel equipped with filter and
UV light. As the chapel was not exclusive for usfdse the use it was cleaned with bleach
solution, and irradiated with UV lights for 30 mies. All tubes and box of reagents were
previously cleaned with bleach 10% solution beferdger inside of the chapel. The

centrifuge and incubator block were not insidehaf thapel.

Isolated room. The following 6 extractions were processed infeedént room located at
Museum Support Center (MSC), which is located al®olkin from National Museum of
Natural Sciences and out of Washington DC areas iBHolated MSC room had ever been
used for any DNA procedure (neither for PCR, extoaicor sequencing). Even so, before
usage, the room was entirely, from top to bottoteammed and disinfected with bleach
solution. After that, it was equipped with two ckégy both with filter and UV lights, an
exclusive refrigerator for storing reagents, a gkrge, and a dry bath incubator. One of
the chapels was just for the extraction proceediagg the other one to store incubator and
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centrifuge. The entrance of this room was restlicte researcher (PCS) and LAB

manager.

DNA amplification.

Primers design.Because of the fragmented nature of the ancierA, W designed 5 sets
of primers (COI-1, COI-2, COI-3, COI-4 and COI-5ald. 1) to amplify small sections,
150-200 bp of the COI gene, which combined wouldover the entire gene. We
previously prepared an alignment of COI sequendés 217 modern samples (S3) with
mean of 600 pair bases trying to sample the maximiwariability of the specimens at the
occurrence area. We used the tool Oligo Explorér(davedet al, 2009 to design the
intern primers trying to establish the sets of grisnto amplify the maximum of 200 bp.
The sets of primers were checked at Oligo Analyz@r2 (Kuulasmaa, 2002), to confer the
quality of primers: absence of hairpins, meltingnperature amplitude between the
forward and reverse, and absence of self annealing.

PCR conditions. Two brands of reagents were tested for PCR re&tiBhire Hot Start

Tag polymerase (ThermoFisher Scientific) and HartS¥aster mix (Promega). PCR with
Phire Hot Start Tag was carried out in a volum@®ful containing 11.6 pL of H20, 4 ul
of 10x reaction buffer, 1 pl of dNTPs (2 mM), 1qileach primer (10 uM), 0.4 pl (5 U) of
Taqg and 1pul of template DNA.

In the PCR using Promega Hot Start Master mix wadyred a total volume of 10
uL, which included 3.45 pL of H20, 5 puL of Mastexn{Promega), 0.15 pL of each
primer (10 uM), and 1.25 ul of template DNA. TheRPthermal profile used was the same
for both mixes: 94°C for 3 min for initial denatticn, followed by 5 cycles at 94°C for 30
s, high melting temperature (see Tab. 1) for teipee of each set of primers) for 40 s,
and at 72°C for 1 min, followed by 55 cycles at ©4dr 30 s, low melting temperature
(see Tab. 1 for temperature of each set of prinfersj0 s, extension at 72°C for 1 min,
and a final extension at 72°C for 10 min.

The PCR reaction was loaded to a 1% agarose gaBinhwith EtBr together with
KAPA universal ladder (Kapa Biosystem). The PCRdpiais were purified by the Exosap
enzymatic method (25% exonuclease, 25% Shrimp W&aPhosphatase and 50%
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deionized water). Sequences were obtained usin@itp®ye reaction on an ABIPrism
3770 automated sequencer from the LAB (NMNH-SI).

Regular PCR room.The first 10 extracted samples (Tab. 2) were amepliat PCR room

of Smithsonian National Museum of Natural HistoFjis is a common use space with 77
PCRs stations, without chapels. Initially, we use@ of these stations (Fig. 1) with not
exclusive pipes. The mixes were prepared withoapehand reagents were storage on a

common use freezer.

Isolated chapel.The remaining 8 samples were amplified at the sB@R room, but on a
specially prepared chapel equipped with UV lightd &lter space (Fig. 2). The mix was
done inside this chapel, isolated from the resheflaboratory. The reagents were storaged
at the common use freezer, but inside of box ptetedoy plastic bags. Before
manipulation and preparing the mixes, the chapa @l@aned with 10% bleach solution
and the containing reagent and DNA boxes, and ifhesspwere irradiated for 5 min by UV
light. After use, all reagents tubes, boxes, piged the chapel were again cleaned with
10% bleach solution and then put inside of plastigs before leave the chapel. Both boxes
(DNA and reagents) were never open out of the dhape pipes were from our exclusive

use and always were kept inside the chapel.

Molecular Data Analyses.The sequences obtained for each set of primers segrarately
aligned using only a full COI sequence (positivatonl) of 600 pair base in the Mega 6
software with algorithm Clustal W (Tamuet al, 2013). After that, these sequence
fragments were combined to form a more completeighebendent alignment.

These generated sequences were added to a pig\poesared file containing the
COl gene alignment for 217 characid specimens. &emps were compared by p-distance
in Mega 6 (Tamurat al, 2013) using the default conditions (Kimura 2-paeter model;
d: Transitions + Transversions; uniform rates; Wigke deletion; three codon positions
selected). To illustrate the relationships amongcspens, polymorphic sites were
identified using DnaSP software (Librado, Rosa9)®0and a haplotype network was
drawn using Network 5.0 software (Fluxus technolbtg).
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All sequence identities, including those of theipes controls, were checked with
the Blast tool at Genbank.

Results
Taxon sampling.

The conditions of the specimens allowed to wor& $amples) is, in general, bad
preserved, poor. Usually, the body presents anwedh shade, with missing scales and no
coloration preserved. In most of them, the musskue is decayed and frayed when it is
sampled. We managed to sample muscle and brariidsaés from almost all types and
always at the right side of the fish body. Incisido cut the muscle were done below the

dorsal-fin (Fig. 3); for the branchial tissue tivstfarch was entirely removed.

DNA extraction. The 53 extractions showed a mean of 120 ng/ul oAQRab. 3) with no
correlation between collected year and amount ofADdbserved (Fig. 4). Both kits
worked successfully for DNA extracting processesi their PCR and post PCR
procedures run differently. Samples extracted Wttst-DNA all kit (Astyanax rutilus
jequitinhonhaesyntypes NMW57759, anbBetragonopterus lacustrsyntype NMW57540)
showed presence of DNA in spectrophotometer queatién and also in the agarose gel
(Fig. 5), but the sequencing failed. However, wtiegse same samples were extracted with
Qiamp micro kit, they showed presence of DNA incspmphotometer and agarose gel, and
sequencing work effectively generating good quabkBquences forAstyanax rutilus
jequitinhonhaesyntypes NMW57759and NMW57760-2.

Primers. The COI-1 primer was used 217 times to amplify DNIAcluding ancient

samples and positive control in amplified react)pred which 47% (102) was checked
presence of bands in agarose and sequenced. Sequarcked for 21% (22 samples).
The COI-2 set was tested in 56 samples and bandsawefirmed in 37.5% (21) of them.
The sequencing succeed for 90.47% (19) of thesglsamThe COI-3 set amplified 29

samples and bands were observable in 51.72% (1&)eaf, but except for two samples
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(Tab. 2) the sequencing failed. The COI-4 set asastyowed double bands in the agarose
gel, in despite of our efforts to increase the pobdspecificity. So, no sample was
sequenced for COI-4 set. The COI-5 set was us@8 samples, forming bands in 34.48%
(10); and successfully sequenced for only 20% {2h@ samples.

Regarding to variability, COI-1 and COI-5 showedhe more conservative than
COI-2 and COI-3 fragments (Fig. 6). For example,|-20ragment presents 6 mutational
steps from the modern population Déuterodon pedrio other species (Fig. 6a). In the
COI-1 and COI-5 fragments, there is only 1 mutalostep betweem\styanax rutilus
jequitinhonhaeand the remaining samples; whereas in the CORgnfient there are 9
steps (Fig. 6b) between them. Also, COI-3 fragnanietragonopterus eigenmaniorym
19 mutational steps are counted between this spacié remaining samples (Fig. 6¢). In
short, COI-2 and COI-3 are more variables, andefloee more informative for barcode

identifications.

Pre PCR room extraction and Regular PCR room usagd-rom 53 samples, 10 samples
(19%) were extracted at the beginning of the staidiPre-PCR room. The amplification
process of these samples was done at Regular P@R fiche amplification worked, but
the sequencing showed contamination with positioetrol in the 10 samples. As the
extraction and PCR positive controls were the samere-extracted the 10 samples again.
Of the 20 sequences generated (10 COI-1 + 10 C(HE2) (10) presented chromatograms
with highly noisy and incoherent peaks; the oth@¥5of sequences (10) were identical to
thepositive control (suggestive of contamination amnedevel) and chromatograms with
intense back ground noise (suggestive of a pooragignaking the sequence unreadable.
Negative control of PCRs sometimes showed bandsametimes not. In order to test for
contamination in the polymerase chain reactiorey there redone using new reagents and
generating 24 PCR products, which were sent to esemjog (forward and reverse
complements). In 29% of the samples, the sequenddagely (highly noisy
chromatograms) or did not worked at all (sequenaiegction did not start). 46 %
sequenced identical to the positive control. Theaiaing 25% samples, generated
sequences different from positive control, but witighly matching with marine fish

(Citharus linguatuld, bird (Aquila chrysaetos canadengisbacteria Pandoraea
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thiooxydan}, freshwater fish not included in our samplelyghessobrycon itaparicenyis
and a specific frog parasit@rptopolystoma xenopodisShortly, contamination occurred
in two stages: during extractions evidenced byigensce of positive control DNA in the
products; and during the polymerase chain reaceordenced by the amplicons (presence
of exogene DNA) in the products.

Isolated room for DNA extraction and isolated chapkfor DNA amplification.

The detection of contamination in the DNA extractiand amplification required the
adoption of new procedures to confer on utmost aackisolation possible to the process.
Since then, the extractions and amplifications waegle under controlled conditions in
isolated room and chapel, respectively. All thes&giples (which include those previously
processed without controlled conditions) were pssed under these new conditions. To
detect any contamination, negative controls weeddua all extractions, but no positive
control was used, since this isolated room was usetusively to manipulate ancient
samples. Of the 53 extractions, PCR amplificatiamrk&d only for 8 samples (15%). The
PCR positive controlProbolodus heterostomus/as extracted separately in a regular Pre-
PCR room, given that it is a modern sample. Notp@stcontrol nor any modern material
can go in the isolated chapel, its utilization éstrict to ancient material and reagents.
Because of that, the positive control DNA was alsvagided outside of the isolated chapel
in other bench located in different place. Of tHe sequences generated under these
isolated conditions, two of them showed noisy chatograms preventing the reading.
Both sequences belong to a sample whose DNA waactadl using Gen lal kit (without
silica columns). Of the 11 sequences, two of theesgnted very long branches on the tree
and were translatable to protein (stop codons atitbut similarity at Genbank). The other
9 sequences were in working conditions showing gpaality chromatograms; differing
from positive control sequences; and clean negatwrols at all levels; consistent results
from the Genbank comparisions, with similarity withembers of Characidae (for
example: Tetragonopterus rutilus jequitinhonhaeith 97% of similarity with Astyanax

jequitinhonhaeandDeuterodon pedrisee Silvaet al.2017).
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Discussion

Our experience using historical specimens abovertegp demonstrates that even
very small samples may generate viable DNA sequeifcéandled with care under
controlled conditions. The specimens here studiecewollected more than a century ago
by naturalists or scientific expeditions in Soutmérica, more specifically in Brazil. The
Thayer Expedition (1865-1866;), Charles Darwin Ire tBeagle’s voyage (1832), and
Castelnau, as consul of the France in Brazil (Higut996; Kury, 2001; Keynes, 2004;
Simdes, 2010, Silva, Malabarba, 2016) collected amdt to European museums a
significant amount of material, which later wereedigo describe new species. Usually,
these earlier naturalists fixed the collected speais putting them in jars with spirits as
rum, brandy, Brazilian cachaca, or whisky (see Mdatba, Reis, 198 Fortey, 2008). As
spirits are essentially alcohol, this fixation eanty collaborated to make it possible obtain
viable DNA from such an old material (De Bruwt al, 2011). Although the DNA
extracting from formalin-fixed material is increagi(see Ruane, Austin, 2017), it is not an
easy practical. Research with ancient DNA is ftatfid if the material is frozen or fixed in
alcohol instead of formalin (De Bruyet al, 2011; Smitket al, 2003).

Successful DNA extracting from ancient samplesuireg some cares. Ancient
samples that were not properly fixed for molecwtardies usually yield smaller amounts
of a highly fragmented DNA, if compared to modemd aadequately fixed materials
(Cooper, Poinar, 2000). As a rule, the traditiop@tocols used for modern samples, like
CTAB and fenol chloroform, do not provide good desuwhen extracting DNA from
ancient samples (Yangt al, 1998).Indeed, the access to ancient DNA is facilitatethwi
the use of extracting kits for forensic studies chhare designed to optimize the quality
and quantity of DNA extracted (specially from snsamples).

Although both extraction kits here tested quardifigositively for DNA in the
spectrophotometer, only the Qiagen kit, which usi#&a columns, produced viable
sequences. The sequences generated from thoseesaexpiacted with the Gen-lal kit
(without silica columns) showed an intense noisg \@eak signal preventing the reading.
We conclude from this that, the use of silica catsnduring extraction results in a cleaner
material and free of impurities DNA (PCR and seaumy inhibitors, tissue remains, and
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extremely small DNA fragments), improving the arfipition and the sequencing
processes.

No correlation was detected between the amount A @xtracted and year of
collection (age of the sample). Instead, the amandt quality of the extracted DNA may
be more related with the conservation history aodddions which the specimens were
exposed to (alcoholic degree at fixation, amourgpEcimens fixed together, evaporation,
dehydration, among others). As a viable sequenqeeap to be dependent of the
fragmentation degree of the DNA, a good quantityDiNA in the sample it is not a
guarantee that the amplification and sequencinggsses will succeed.

During extraction at Pre-PCR room and amplificatiorregular PCR room, two
events of contamination were detected: with thetpescontrol during extraction and with
amplicons during the PCRs preparations. This cammfuwas possible because different
species generated sequences identical to thaeatnaction positive control (even when
PCR reagents were replaced). Also, a same samgleerseed initially equal to positive
extraction control, and subsequently its sequenga® identical to bacteria, birds and
marine fish. We believe that amplicons at the tatwyy could influence and contaminate
our amplified product. Amplicons are accumulatiarisPCR products in the laboratory
environmental by repeated amplification of a saargdt sequence and it can stay at the
equipments, or even in the air, as a contaminamteqPersing, 1991). In regular samples,
in which the DNA is in good concentration and qualithe low concentration of the
amplicons is not enough to jeopardize the restitsvever, because the ancient DNA is
usually in very low concentrations and highly fragrted, the presence of amplicons will
be decisive. In this case, the physical destruaifcthe molecule, will increases the risk of
preferentially amplify a contaminant sequence (&ilket al, 2005) and disabling the
results. The contamination is the main problem wieating with ancient DNA. That is
why isolated spaces and special procedures areatwagdCooper, Poinar, 2000). Nine
basic procedures, proposed by Cooper, Poinar (260®uld be followed to provide
reliable results and, therefore, allowing your ueetake scientific decisions such as
taxonomic status and nomenclatural acts.

Among the species here studied, the sequences fbDmuterodon pedri

Tetragonopterus rutilus jequitinhonhaand Tetragonopterus eigenmaniorumwill be
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valuable for an accurate identification and, pdgsithe redescription of these species.
Actually, the D. pedri lectotype sequence (COI-2) was very recently usedolve the
identification problem and to redescribe the spef&lvaet al, 2017). On the other hand,
the discarded COI-1 sequences fr@m pedri lectotype and paralectotype (Silea al,
2017) are possibly product of the numts. Numtssagences of mitochondrial DNA that
migrate to nuclear genome where they start to evabithout a repair mechanism
(Hazkani-Covoet al., 2010). Texet al. (2010) reported that the presence of numts in
ancient DNA has a higher rate than predicted befbinese authors believe that the use of
short length universal primers may improve thesalts. For this study, we designed a
kind of short universal primers, because it wasvedrfrom many different species. Numts
sequences can be detected by presence of stopscodtire translation to protein, double
peaks on electropherograms, differences in lenfjtheobranch on trees and misplaces in
the tree (Cristianet al, 2012). All these evidences were observed in @& Tsequences
of D. pedri lectotype and paralectotype, strongly suggestimey tare numts, and thus
considered as not valid sequences.

Examples of aDNA studies with fish organisms ararse, and mostly involving
North American or European fishes (see Nikulingdyrglcke 2016; Ludwiget al, 2016;
Metcalf et al. 2012; Ketmaieret al. 2004). For Neotropical fishes, the literature vere
meager (Garrigo®t al. 2013; Silvaet al, 2017). Considering that, the guidelines here
presented aim to stimulate and encourage the dawelot of ancient DNA studies with
Neotropical fishes. This study pointed ways of hmwwork on aDNA, showing some
problems that can occur in case of disregarding aead rules basic. The development of
aDNA study is especially important in Neotropicafjion once this is the most diverse
ichthyological region of the world, housing a greamber of taxonomically complicated
species (like Characidae fish family) and someheit known only by museum types.
Ancient DNA studies are fascinating, since that da¢a generated will help to recover
almost extinct or even extinct organisms (Higudli34; Shapiro, 2016); to understand the
relationship of extinct organisms with alive takéitChel et al, 2016); to better understand
the evolutionary process through the incorporatibaxtinct population data (D'Eliet al,
2016; Edaet al, 2016; Nikulina, Schmolcke, 2016); and the podgybiof solving

taxonomical puzzles (Silvat al, 2017). The increasing advances in molecular bilo
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have facilitated the usage and procedures in an@&A studies (Linderholm, 2016).
Likewise, we hope that the above reported expegiearcourages other groups to start

these kind of research, to better understand, mdgelp our biodiversity resources.
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Tab. 1. COI DNA primers designed for this study and tmeelting temperatures used in
PCR.

Primer Sequence Left Primer Sequence Right High Melting Low Melting
temperature temperature
COl-1 5'GTATTYGTTGCCTGAGCYGG3'  5TATRACRAARGCATGGCGG3’ 58°C 56°C
COl-2 S5'WTCCCTTTTAGGTGAYGACC3' 5'KGGRGGAAGAAGYCARAAGCZ 56°C 54°C
COI-3 5'GTRATAATYGGRGGRTTTGG3' 5'CCTARAATTGAAGADACACC3’ 53°C 49°C
COl-4 5'GTTTACCCYCCTYTWGCYGG3' 5'ATYCCTGCTGCYAGAACBGG3 60°C 56°C
COI -5 5’HCCAGCYATTTCRCARTACC3' 5'ARRTGTTGATAAAGRATGGG3’ 58°C 54°C
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Tab. 2. Results of DNA extraction and amplification forceent samples at Pre-PCR room and isolated room.

Species Taxonomic Extraction PCR Primers set working information
status / Blast/pair basis/identity with controls
Museum Pre Isolate Regula Isolate C1 Cc2 C3 C4 C5
catalog PCR d r PCR d
number room room room chapel
Astyanax giton Lectotype / X X Chromats with noise|, Identical to positive | Chromats with noise, Chromats with noise,
MCZ20936 showing clearly extraction control showing clearly more showing clearly more than
more than one than one squence; one sguence;
squence; 100%
identity with
Citharus linguatula
Deuterodon pedri Lectotype / X X X X Regular PCR Regular PCR room: | - -
MCZz21081 room: identical to identical to the
the positive positive extraction
extraction control control
Isolated chapel:136 | Isolated chapel:pair
pair bases, different | bases, and two pair
from positive bases different from
control, and similar | to the modern samplg
to the modern supposed to be
sample supposed to| Deuterodon pedri
be Deuterodon pedri, 100% Blast identity
100% Blast identity | with D. singularis
with Astyanaxsp.
Deuterodon pedri Paralectotype /| x X X X Regular PCR Regular PCR room: | - -
MCZz170510 room: identical to -
the positive Isolated chapel:-
extraction control
Isolated chapel:
sequence with no
similarities at
Genbank using blast|
tool
Astyanax Holotype / X X 90% of identity with | Identical to positive | - -
brevirhinus MCZ20905 Pandoraea extraction control
thiooxydans
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Species Taxonomic Extraction PCR Primers set working information
status / Blast/pair basis/identity with controls
Museum Pre Isolate Regula Isolate C1 Cc2 C3 C4 C5
catalog PCR d r PCR d
number room room room chapel
Astyanax Holotype / X X Foward 100% Blast | Identical to positive -
janeiroensis MCZ21057 identity with extraction control
Hyphessobrycon
itaparicensis
Reverse 100% of
identity with
Protopolystoma
xenopodis
Deuterodon Syntype / MCZ| x X - Identical to positive -
parahybae 20933A extraction control
Deuterodon Syntype / MCZ| x X - Identical to positive -
parahybae 20933B extraction control
Astyanax Lectotype / X X - Identical to positive -
scabripinnis MCZz20684 extraction control
intermedius
Astyanax Paralectotype /| x X 90% of Blast identity] 100% of Blast -
scabripinnis MCZ20635 with Pandoraea identity with Aquila
intermedius thiooxydans chrysaetos
canadensis
Astyanax fasciatus | Paralectotype /| x X X Regular PCR Regular PCR room: -
parahybae MCZz20891 room: - -
Isolated chapel: Isolated chapel:
Identical to positive | Identical to positive
extraction control extraction control
Astyanax rutilus Syntype / X X 129 pair bases, 98% - -
jequitinhonhae NWM57759 of identity with
Astyanax bockeman
Astyanax rutilus Syntype / X X 134 pair bases, 98% 184 pair basis 97% of -
jequitinhonhae NWM57760:1 of identity with identity with
Astyanax bockeman| Astyanax fasciatus
jequitinhonhae
Astyanax rutilus Syntype / X X 134 pair bases, 989 184 pair &6 of 180 pair basis 99% of

171



Species Taxonomic Extraction PCR Primers set working information
status / Blast/pair basis/identity with controls
Museum Pre Isolate Regula Isolate C1 Cc2 C3 C4 C5
catalog PCR d r PCR d
number room room room chapel
jequitinhonhae NWM57760:2 of identity with identity with identity with Astyanax
Astyanax bockeman| Astyanax fasciatus fasciatus
jequitinhonhae
Tetragonopterus Syntype / X X chromats with noise| chromats with noisg - - -
lacustris NWM57540
Tetragonopterus Holotype / X X 94 pair bases, 96% | - 267 pair bases, 87% | - -
eigenmaniorum ANSP identity with identity with
Oligosarcus Astyanax bockemani
paranensis
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Tab. 3- Type specimens allowed by museums to be extrastdcamplified in this stuy. Means of
DNA extractions are presented: dlean is relative to the amount of the first stégan of the silica
column; 2nd clean is relative to the amount ofdbeond step clean of the silica column; 3rd clean
is relative to the amount of the third step clefthe silicacolumn.

Museum Extraction ng/ul

Specimen Taxonomical status  Catalog number Description year 1st clean 2nd clean 3rd clean
Astyanax giton Lectotype MCZ 20936 1908, Eigenmann 71.745 12.587 .1213
Deuterodon pedri Lectotype MCZ 21081 1908, Eigenmann 81.921 78.681 5.6
Deuterodon pedri Paralectotype MCZ 170510 1908, Eigenmann  117.8075.428B  96.813
Astyanax brevirhinus Holotype MCZ 20905 1908, Eigenmann 11.94 5.939 .3
Astyanax janeiroensis Holotype MCZ 21057 1908, Eigenmann 25.576 69.793 .9B8
Deuterodon parahybae Syntype MCZ 20933 A 1908, Eigenmann 57.329 18.806 5.711
Deuterodon parahybae Syntype MCZ 20933 B 1908, Eigenmann  123.838 51.864.4.596
Astyanax scabripinnis intermedius Lectotype MCZ 20684 1908, Eigenmann 74.548 6.526 744.
Astyanax scabripinnis intermedius Paralectotype MCZ 20635 1908, Eigenmann 16.286  42.44 41.391
Astyanax scabripinnis intermedius Paralectotype MCZ 20919 A 1908, Eigenmann 33.81 338.6 3.358
Astyanax scabripinnis intermedius Paralectotype MCZ 20919 B 1908, Eigenmann 67.312 .3312 22.141
Tetragonopterus rutilus jequitinhonhae Syntype NMW 57759 1877, Steidachner ~ 76.259 8.93 2645.
Tetragonopterus rutilus jequitinhonhae Syntype NMW 57760:1 1877, Steidachner ~ 87.558 54.7657.842
Tetragonopterus rutilus jequitinhonhae Syntype NMW 57760:2 1877, Steidachner  176.907  22.97 3.495
Tetragonopterus jenynsii Syntype NMW 57534:1 1877, Steidachner  62.712 2.1180.174
Tetragonopterus jenynsii Syntype NMW 57534:3 1877, Steidachner  96.079 36.3574.551
Tetragonopterus jenynsii Syntype NMW 57535:1 1877, Steidachner  278.224  21.55- 0.367
Tetragonopterus bahiensis Syntype NMW 57251:1 1877, Steidachner ~ 74.212 67.3116.702
Tetragonopterus bahiensis Syntype NMW 57252 1877, Steidachner  194.803 8.003 7.796
Tetragonopterus rivularis Syntype USNM 44960 S 1875, Lutken 61.404 15.155 832.
Tetragonopterus rivularis Syntype USNM 44960 B 1875, Lutken 116.904 110.6241.843
Tetragonopterus rivularis Syntype NMW 57707:1 1875, Lutken 165.913 39.635 9G9.
Tetragonopterus rivularis Syntype NMW 57708:1 1875, Lutken 143.09 69.958 B.66
Tetragonopterus rivularis Syntype ZMUC 2074411 P.241372875, Lutken 54506 180.107 77.898
Tetragonopterus rivularis Syntype ZMUC 2074411 P.24137@875, Lutken 167.591 62.14 24.682
Hemigrammus santae Syntype USNM 55652 B 1907, Eigenmann 127.879  24.0615.856
Hemigrammus santae Syntype USNM 55652 S 1907, Eigenmann 138.739  23.4513.867
Salmo bimaculatus Syntype BMNH 1853.11.12.34  1758,Linneus 158.593 .33@ 9.06
Astyanax bimaculatus novae Cotype FMNH 54641 A 1911, Eigenmann  146.536  15.161-1.066
Astyanax bimaculatus novae Cotype FMNH 54641 F 1911, Eigenmann  142.272  32.1938.574
Tetragonopterus jacuhiensis Lectotype ANSP 21912 1894, Cope
Tetragonopterus lacustris Syntype NMW 57540 1875, Lutken 75.816 24.628 9.294
Tetragonopterus lacustris Syntype ZMUC 382 P. 241322 1875, Lutken 111.16 593. 2.247
Astyanax fasciatus parahybae Paralectotype USNM 120245 1 1908, Eigenmann  112.4230.261 22.619
Astyanax fasciatus parahybae Paralectotype USNM 120245 2 1908, Eigenmann  128.4418.263 18.272
Astyanax fasciatus parahybae Lectotype MCZ 20685 1908, Eigenmann 90.195 37.186 .2864
Astyanax fasciatus parahybae Paralectotype MCZ 20891 1908, Eigenmann  109.832 246.5 17.649
Astyanax fasciatus parahybae Paralectotype MCZ 20890 1908, Eigenmann 40.185 146.9 29.222
Tetragonopterus curvieri Syntype ZMUC P. 241294 1875, Lutken 171.82 47.068 3.6@2
Tetragonopterus mexicanus Syntype ZMUC P. 241247 1853, De Fillipi 131.64 M6 57.279
Cheirodon ribeiroi Holotype CAS 59778 1907, Eigenmann  158.475 41.533 1.3 3
Cheirodon ribeiroi Paratype CAS 59779 1907, Eigenmann 145.97 18.792 .3821
Tetragonopterus luetkenii Paralectotype BMNH 1886.3.15.35 1887, Boulenger .06 50.485 3.668
Hyphessobrycon luetkenii Lectotype BMNH 1886.3.15.80 1887, Boulenger 160.0837.333 21.334
Oligobrycon microstomus Paratype FMNH 57914 1915, Eigenmann  139.402  37.0513.206
Probolodus heterostomus Paratype FMNH 54329 1911, Eigenmann  186.116 54.7188.085
Tetragonopterus taeniatus Syntype UCMZ F.6975.2 1842, Jenyns 140.913  26.306 9.522
Tetragonopterus fasciatus longirosris Syntype NMW 57508 1907, Steindachnet08.861  36.822 16.723
Tetragonopterus laticeps Holotype ANSP 21852 1894, Cope 174.089 24.112 9.966
Deuterodon potaroensis Paralectotype FMNH 52968 1909, Eigenmann  132.408 .8082 19.556
Tetragonopterus scabripinnis Holotype BMNH 1917.7.14.15 1842, Jenyns 116.081 53xP. 17.286
Astyanax scabripinnis paranae Holotype CAS 22555 1914, Eigenmann  102.553  22.361 .00™
Astyanax ribeirae Paratype FMNH 54726 1911, Eigenmann 93.558 33.5540.197
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Fig. 1- Bench used at Regular PCR-room, similar to otier 7
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AirClean” 600

PCR Workstation

Fig. 2- Bench with chapel used at isolated room.
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Fig. 3- Right side of the lectotype @feuterodon pedria) before the incision and b) after
the incision, exemplifying the low level of damaafehe specimen.

176



350

300 - L]
[ ]
250
@
200
g .
3 ° 'o. °
5? 150 A ° o P ir.
® ]
100 ' CJ
. r
50 - e l
D,

T
1740 1760 1780 1800 1820 1840 1860 1880 1900 1920 1940

Collected year

Fig. 4- Correlation between year of collected samplesrandnt of DNA extracted. The
graphic shows that there is no correlation betwbese two variables.
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Fig. 5- Agarose gel of extracted DNA d&tragonopterus rutilus jequitinhonhae
NWM57760:2: a) extracted with Qiamp micro kit btmxcted with DNA first all Kit.
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Request for invasive sampled procedures: Ancient DNA from type specimens from (collection
name Ex: ZMUC)

Project title: Extraction of ancient DNA to provide taxonomic solutions in identifying Astyanax
species, a complex group of Neotropical fish

Proponent: Priscilla Caroline Silva, PhD candidate

Advisors: Dr. Richard Vari, Smithsonian Institution and Dr. Luiz Roberto Malabarba,
Universidade Federal do Rio Grande do Sul

Briefly introduction about the project:

Astyanax is one of the most speciose fish genera of the Neotropical Region with approximately
158 valid species. The lack of synapomaorphies defining the genus results in a taxonomically
complex group of species. The great part of Astyanax species was described in the 19th and
first half of 20th Centuries, with poor details. Most type specimens are in poor preservation
conditions. The lack or partial information from type specimens increases the possibility of
errors in species recognition due to morphological misinterpretations. Genetype is a recent
proposal to link taxonomy and molecular systematic. It consists of DNA sequences from type
specimens. The Genetype establishment increases the resolution in the recognition of difficult
species. Ancient DNA is the sequencing of DNA from ancient organisms like fossils and
specimens collected in past centuries. The establishment of Genetypes from Ancient DNA has
solved historical taxonomical problems. The amplification of citochrome oxidase subunit 1
from Ancient DNA of Astyanax type specimens and types of other related genera will allow
barcoding comparisons with recent collected specimens. This certainly will help to solve many
taxonomical problems.

Guidelines to procedures:

The tissues will be extracted from type specimens deposited in collections around the world.
The extraction will be made with total care to damage less as possible the specimens. We will
evaluate the best way in each case, which could be done by:

1) removing part of the gill filaments on right side of the body (when specimens are in
excellent conditions, with scales in all body)

2) removing small amounts of muscle by small incision below the dorsal fin on right side of the
body or under pelvic fins (when specimens are in not so good conditions of preservation,
lacking scales in the body).

These regions has been chosen because are not taxonomic informative for these specimens.

All procedure will be photographed before and after incision/filaments extraction with a small

report that will send to the curator of the collection.

Molecular techniques will be developed on Smithsonian Institution, under supervision of a
technical team with at least ten professionals. Kits for forensic DNA will be utilized for DNA



extraction. The citochrome oxidase subunit 1 COI fragment will be recover by PCR made with
primers, specially designed, that can amplified small fragments of DNA because of the
fragmentation condition of the Ancient DNA.

All results will be available for collections of origin of each specimen. The sequences generated
will be deposited on public banks, like Gen Bank and BOLD.

About the proponent:

Priscilla is a Brazilian PhD. Candidate of Universidade Federal do Rio Grande do Sul in Brazil
under supervision of professor Luiz Malabarba. She is developing part of her research on
National Museum of Natural History of Smithsonian Institution under supervision of professar
Richard Vari. On Smithsonian she is working with Ancient DNA of fish species up to
approximately 300 years old. She has experience on molecular phylogenetic studies and
difficult DNA. She is specializing on taxonomic and phylogenetic studies of some Neotropical
fish species from Characidae family, popularly knowing as Tetras.

She gets excellent results (DNA extraction, PCR and sequencing) with the holotype of
Tetragonopterus eigenmanniorum collected before 1894 and deposited on Academy of
Natural Sciences, Philadelphia, Pennsylvania, U.S.A. The experience with this specimen allow
us confiability and a previously tested protocol what increases the go of success.

(Briefly comments about the interest specimens of that museum Ex: The specimens of
Tetragonopterus cuvieri, ZMB 9198; Tetragonopterus lacustris, ZMB 9200 and
Tetragonopterus rivularis, ZMB 9199 from the Museum fir Naturkunde Berlin, are type
specimens of species know only by the original descriptions. Although the knowledge of the
type localities and elevated number of types on other museums, anyone in two centuries could
advance in determine correctly these species on recent collected material. These species are
nowadays part of Astyanax a complex and undefined genus from Neotropical region. The
Ancient DNA from these specimens can be an additional tool on the decision and better re
description of the species that these represent. Additionally the establishment of Ancient DNA
to try solves the complex species can he the start of resolution by major prohlems in
phylogenetics studies. The most basal and truly statement for any scientific work in biology is
the correct identification of the considered taxons, only if it occurs is possible to answer major
guestions in correct way.)

Washington DC, june, 11", 2015

Priscilla Caroline Silva Luiz Roberto Malabarba

Proponent Brazilian Advisor
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Rediscovery of the holotype of Tetragonopterus vittatus Castelnau 1855,
a senior synonym of Moeenkhausia doceana (Steindachner 1887)
(Characiformes: Characidae)

PRISCILLA CAROLINE SILVA'& LUIZ ROBERTO MALABARBA’

Universidade Federal do Rio Grande do Sul, Departamento de Zoolagia, Programa de pos graduag do em Biologia Animal,
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The description of Tetragonopterus vittatus presented by Francis L. Castelnau (1855) was very concise and apparently
based on a single specimen (not explicitly stated in the text, but deducible according to the single counts for the meristic
data presented in the description). The type locality is recorded simply as "Bahia", with no specification of the drainage
or nearby city. The existence of type specimens has been considered unknown (Lima er al, 2003; Eschmeyer & Fricke,
2015; Lucena & Soares, 2016), and have not been mentioned in published catalogues for type specimens of MNHN (e.g.
Bertin, 1948),

In a revision of the genus Astvanax, Eigenmann (1921) examined several specimens belonging to the Astvanar
bimaculatus group from Bahia, and considered that “the only variety of this genus from Bahia that can possibly have
been used by Castelnau for his figure of 4. vittatus is the one that was later designated as 4. bahiensis by Steindachner
[1877]." Eigenmann (1921) considered the species described by Castelnau (1855) as a valid subspecies, Astvanar
bimaculatus vittatus, with Astvanax bahiensis as a junior synonym. Eigenmann (1921) further mentioned that A
bimaculatus vittatus is likely closely related to Astvamax bimaculatus lacustris. Subsequent authors dealing with the
systematics of species belonging to the Astvanax bimaculatus complex (Garutti & Britski, 1997; Garutti, 1998; Garutti,
1999} followed Eigenmann's decision and presented, along with the descriptions of new characid species from the
Astyanaxe bimaculatus complex, diagnoses to distinguish Astyanax bimaculatus vittatus from the other members of the
complex. Lima er al. (2003) considered Tetragonopterus vittatus as a provisional synonym of Astvanax bimacul atus.
More recently, Lucena & Soares (2016) considered 7. vittarus as a species inguirenda and A. bahiensis as a valid species.

FIGURE 1. MNHN 0000-3088, holotype of Tetragonoprerus vittatus.

During a visit to the Muséum National D" Histoire Naturelle (MNHN), Paris, France, one of us (PC) found a lot
(MNHN 0000-3088) containing a single characid specimen from Bahia collected by Castelnau (Fig. 1). The modem
label stuck outside the jar bears the identification of Astvanax bimaculatus. In the original catalog the lot MNHH 0000 —
3088 is assigned the designation of Terragonapterus vittatus, identified and collected by Castelnau at “Bahia”. This lot is
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further identified as “type of Castelnau™ in the catalog, with an apparently latter addition that says “= T. maculatus”.
Castelnau (1855) provided a brief description and a full depiction (plate XXXIII, Fig. 2) of a single specimen,
presumably the holotype, measuring 10 cm in total length and 3 ¢cm depth, and these measurements approximately fit the
measurements of the discovered specimen. The specimen measures 68 mm in standard length, but it lacks part of the
caudal fin and has the appearance of having dried up at least once, making it impossible to retrieve the actual total length
(presumably 10 cm). Other data taken from specimen MNHN 00003088 that fit in the description and illustration of
Tetragonopterus vittatus are (information given by Castelnau follows in parentheses): the measured depth of 27.5 mm (3
cm); the presence of 3 unbranched rays with anteriormost only visible under stereomicroscope examination and 33
branched rays in the anal fin (Castelnau described one little spine and 34 rays). The latter number seems to include the
longest unbranched ray plus 33 branched rays. The little spine likely refers to the second unbranched ray (the first
unbranched ray seems to not have been observed by Castelnau), dorsal-fin elongated with 2 unbranched and 9 branched
rays (1 spine and 9 rays corresponding to the longest unbranched ray plus 9 branched rays; the first, shorter unbranched
ray of the dorsal-fin was apparently not counted or observed by Castelnau), one unbranched and 7 branched rays at
pelvic-fins (8 rays, including the longest unbranched and all branched rays), pectoral-fins with | unbranched and 13
branched rays (14 rays, including the longest unbranched and all branched rays). The body shape and form of the
humeral spot of the presumed holotype also fits the description and illustration of Castelnau (compare Figs. | and 2).

FIGURE 2. The original drawing ol the holotype of’ Tesagonopterus vittatus presented in Castelnan (18335).

The discovery of this type specimen makes it possible to reevaluate the status of Terragonopterus vittatus. In fact,
the examination of the holotype easily allows its identification as Moenkhausia doceana (Steindachner 1877). a species
recently redescribed from coastal river systems from northem Espirito Santo state to southemn Bahia State, Brazil
(Carvalho er al_, 2014).

Characters that allows to recognize Tetragonopterus vittatus and Moenkhausia doceana as the same species are the
high number of teeth in maxillary bone (7 in the holotype and 4-7, mode 5 in M. doceana); the number of branched anal-
fin rays (33 in the holotype and 29-34, mode 32 in M. doceana); and the number of scales above lateral line (7 in the
holotype and 7-8, mode 7 in M. doceana). The holotype of Tetragonopterus vittatus also fits with M. doceana in scales
counts (35 perforated scales in lateral line), gill rakers (8 on epibranchial, 1 between epibranchial and ceratobranchial
and 11 on ceratobranchial/hypobranchial), and the vertically-elongated oval shape of the humeral spot.

Similar to Moenkhausia doceana, the holotype of T. vittarus has the outer row of teeth in premaxilla with 5 tricuspid
teeth: inner row with 5 teeth with 4 to 6 cusps (5 cusps in M. doceana according to Carvalho et al., 2014): dentary with 5
large pentacuspid teeth, followed by 12 conical or tricuspid teeth, abruptly smaller than the 5 anteriormost teeth; 7 teeth
with 35 cusps in maxillary bone (34 cusps in M. doceana according to Carvalho ef al, 2014). These small differences
between the holotype of T. vittatus and M. doceana are not considered to be significative enough to justify the
recognition of two species. Consequently, since Tetragonopterus vittatus has priority over Moenkhausia doceana, the
valid name for the species is Moenkhausia vittata, new combination, with Moenkhausia doceana as a junior synonym.
The ending of the name of the species has been changed to agree in gender with the name of the genus (Code art. 31.2).

Castelnau (1855) described M. virtara and several other fish species (including Crenicichla lacusiris) from
specimens collected during his stay as consul of France at Salvador, Bahia. The type locality assigned for M vittata in
the original description is “Bahia”, but Lucena & Soares (2016) considered it as “=Salvador” [sic] according to
Kullander & Lucena (2006). The last authors considered the type locality of Crenicichla lacustris (Castelnau, 1855),
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originally assigned as “Digue, ou étang preés de Bahia” as equal to Salvador, Bahia, and probably an error due to the
absence of this species at Salvador or nearby this location. Kullander & Lucena (2006) considered the correct type
locality as “somewhere near Rio de Janeiro™, but this conclusion does not seems to extend to M. virrara. This species
does not occur in Rio de Janeiro state nor Salvador and its surroundings [the many localities listed near Salvador by
Eigenmann (1921) for dstvanax bimaculatus vittatus actually refer to dstvanax bahiensis or Astyanax lacustris]. It
ranges from rio Riacho, a small coastal basin south of rio Doce in Espirito Santo State, to rio Jofio de Tiba, on southern
coastal Bahia State, Brazil (Carvalho et al. 2014). We have no reason to consider a type locality distinct from Bahia as
stated in the original description for M. virtata, and we consider that the type specimen has been probably collected in the
southem portion of this State, and not in the surroundings of either Salvador or Rio de Janeiro, where the species is
absent.
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Conclusbes Gerais

* Analises moleculares e morfologicas recuperaramgmmpo monofilético no
clado C, nomeado Probolodini Géry, composto pelésempsDeuterodon
Probolodus Myxiops por Hyphessobrycon luetkeniespécies déstyanaxda
regido costeira do Brasil e espécies Jipiaba com arranjo de dentes do
dentario similar ao encontrado nos demais généroscuperacao desse mesmo
clado por conjuntos de dados diferentes torna étéspe de existéncia do mesmo
mais robusta (sistemética integrativa).

» Foi demonstrado através de caracteres morfolégausleculares que género
Deuterodoné polifilético na sua composi¢cédo atual. Prop&e-seconhecimento
de um géneroDeuterodon sensu strictsustentado por 9 sinapomorfias e
composto por 7 espécie®.[ iguape Eigenmann,D. langei Travassos,D.
longirostris (Steindachner)D. rosae (Steindachner)D. singularis Lucena &
LucenaD. stigmaturugGomes), an®. supparisLucena & Lucena].

* Myxiopsé um género valido sustentado por 22 autapomorfias

* A espécie-tipo do géner®robolodus apresenta 10 autapomorfias, sendo
necessdria a sua analise nas demais espécies dm giara avaliar quais
correspondem a sinapomorfias do género.

» Astyanaxé um género polifilético e a maioria das espédsssstyanaxda regido
costeira estdo mais estreitamente relacionadastr@sogéneros do que a
Astyanax mexicanuespécie-tipo do género, devendo ser considercola®
Incerta sedisAstyanaxstricto sensuleve ser considerado composto por apenas
as espécies que compdstyanax clade encontrado neste estudo e que
corresponde ao clado 1 de Rossinal, 2016.

e Jupiabaé um género polifilético com espécies distribuigdas toda a arvore
filogenética. O espinho pélvico caracteristicoizaiio para justificar a proposta
desse género por Zanata (1997) evoluiu independente, sendo, portanto,
mais um exemplo de convergéncia adaptativa de udateramorfoldégico em

Characidae.
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Deuterodon pedré mais relacionado Astyanax pelecus duas outras espécies
de caracideos nao descritos do que as espéciegéndoodpeuterodonsensu
stricto.

E possivel recuperar DNA antigo de espécimes astaos séculos passados
através de metodologia de Sanger. O uso dessascagcpermitiu o
reconhecimento dBeuterodon pedrgue teve a identidade esclarecida com o
auxilio do DNA extraido do lectétipo juntamente canalise taxonbémica
tradicional.

A redescoberta do holotipo de vittatus considerado como desconhecido,
permitiu a revalidagdo da espécie em uma nova c@anéd, comdloenkhausia
vittata.

O uso de técnicas tradicionais tais como estudeoligjico em conjunto com
técnicas de biologia molecular permitiram a formé@a de hipoteses
filogenéticas mais robustas de relacbes entre $axproblematicos em

Characidae, corroboradas por dois métodos distdea@nalise.
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