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TAKAGUI, Fabio Hiroshi. Aplicacdo de marcadores cromossémicos e DNA barcoding
para estudo de evolucdo cariotipica e resolugdo de conflitos taxonémicos em doradidae
(Pisces-Siluriformes). 2019. 183 f. Tese (Doutorado em Genética e Biologia Molecular) -
Universidade Estadual de Londrina, Londrina, 2019.

RESUMO

A familia Doradidae é atualmente constituida por 95 espécies de peixes que ocorrem apenas
em ecossistemas dulcicolas da América do Sul, sendo mais abundantes na bacia amazonica,
onde desempenham papeis ecoldgicos fundamentais para a homeostasia do ecossistema. Nas
ultimas décadas diversos estudos filogenéticos baseados em marcadores morfoldgicos e
moleculares corroboraram o monofiletismo do grupo, entretanto algumas divergéncias
permanecem, principalmente em alguns clados onde a abordagem taxonomica tradicional néo
foi suficiente para diagnostica-los. Nesse sentido, 0 presente estudo busca resolver alguns
desses problemas taxonémicos, utilizando marcadores citogenéticos associados ao DNA
barcoding, assim como propor tendéncias sobre a evolucdo cariotipica em Doradidae. Foram
analisadas 15 espécies de thorny catfishes, provenientes de diferentes sistemas hidrograficos,
os dados obtidos foram distribuidos em trés capitulos, cada qual explorando a eficiéncia dos
estudos cariotipicos para compreender questdes biogeograficas, citotaxondmicas e evolutivas.
O capitulo 1 traz informacGes sobre as caracteriticas cariotipicas da subfamilia
Wertheimerinae: Wertheimeria maculata, Kalyptodoras bahiensis e Franciscodoras
marmoratus. As trés espécies exibiram 2n=58 e a mesma férmula cromossdmica com
diferencas apenas no padrdo de distribuicdo dos DNAr e principalmente na disposi¢do dos
blocos heterocromaticos. Tal variacdo microestrutural parece estar relacionada com a
atividade saltatoria de elementos transponiveis, dentre os quais o retrotransposon Rex3
merece destaque. Também foi sugerida uma hipGtese biogeografica para explicar a
diversificacdo cariotipica de Wertheimerinae, sendo essa baseada em eventos de captura de
cabeceira no Complexo do Espinhago que proporcionou um dindmico intercambio de
ictiofauna entre o rio S&o Francsisco e a drenagem costeira do Leste. O capitulo 2 trata de
questdes citaxondmicas, com énfase no género Anadoras, que embora seja um dos mais
amplamente distribuidos dentre aqueles alocados em Doradidae, possui apenas duas espécies
formalmente descritas: Anadoras grypus e Anadoras weddellii, sendo que no presente estudo
0 status taxonémico de uma possivel nova espéecie endémica do Alto rio Araguaia foi testado,
utilizando marcadores citogenéticos e algoritmos de delimitagcdo de espécies baseado no DNA
barcoding. Os dados cromossdmicos foram eficientes somente para diferenciar A. grypus de
seus congeneres, evidenciando uma notavel similaridade entre A. weddelli e Anadoras sp.
“araguaia” . Entretanto o DNA barcoding separou claramente as trés espécies, identificando
trés unidades taxondmicas moleculares operacionais (MOTUSs), com alto valor de divergéncia
genética e suportadas pelas inferéncias Bayesianas,Verossimilhanca e por todos os algoritmos
de delimitagdo de espécies. Foi observado também uma baixa distdncia genética entre
populacbes de A. weddelli do Alto, Médio rio Paraguai e Baixo amazonas, sugerindo uma
baixa varibilidade entre populacdes distantes geograficamente. Curiosamente, a distancia
intraespecifica observada em individuos de uma mesma populacdo de A. grypus foi maior do
que aquela observada em populagdes de bacias distintas de A. weddellii, no entanto o valor
obtido nédo suporta a hipdtese de espeécies cripticas em simpatria no Lago Cataldo e sugere que
a variacdo descrita no padrdo de NORs € um polimorfismo intrapopulacional. No capitulo 3,
inferéncias evolutivas utilizando o software Mesquite foram propostas para explicar a origem
da atual diversidade cariotipica de Doradidae. Nesse estudo, 9 espécies foram analisadas



evidenciando uma acentuada variacdo no nimero de diploide: 2n= 44 em Amblydoras nheco,
2n= 46 em Amblydoras affinis, 2n=52 em Astrodoras asterifrons, 2n= 58 em Platydoras
hancockii, Pterodoras granulosus, Centrodoras brachiatus, Oxydoras niger, Hemidoras
stenopeltis e 2n=60 em Trachtdoras steindachneri. Espécies cripticas foram identificadas em
Amblydoras affinis assim como um inédito sistema de NORs multiplas em P. hancockii. A
reconstrucdo do caracter ancestral corroborou estudos anteriores e estimou como 2n basal 58
cromossomos e NORs simples terminais no brago curto de subtelocéntricos, essas
caracteristica permanecem conservadas em diferentes clados de Doradidae, porém cari6tipos
derivados também ocorrem devido & rearranjos cromossémicos (inversdes pericéntricas,
Fissdo e Fusdo céntrica, Translocacfes) e também pelo acumulo diferencial de regides
heterocromaticas.

Palavras-chave: Cari6tipos. Citotaxonomia. DNA barcoding. MOTUs. Heterocromatina.



TAKAGUI, Fabio Hiroshi. Application of chromosomal markers and DNA barcoding for
the study of karyotypic evolution and resolution of taxonomic conflicts in doradidae
(Pisces-Siluriformes). 2019. 183 p. Thesis (Doctorate in Genetics and Molecular Biology). —
Universidade Estadual de Londrina, Londrina, 2019

ABSTRACT

The Family Doradidae is currently composed of 95 species of fish that occur only in South
American freshwater ecosystems, most abundantly in the Amazon basin, where they play
ecologic roles that are fundamental for the homeostasis of the ecosystem. In the last decades,
several phylogenetic studies based on morphological and molecular markers have
corroborated the monophyletic nature of the group, however some divergences remain,
mainly in some clades where the traditional taxonomic approach was not enough to diagnose
them. In this sense, the present study aims to solve some of these taxonomic problems, using
cytogenetic markers associated with DNA barcoding, as well as to propose trends on the
karyotype evolution in Doradidae. 15 species of thorny catfishes from different hydrographic
systems were analysed. The data were divided in three chapters, each of them exploring the
efficiency of karyotype studies for better understand biogeographic, cytotaxonomic and
evolutionary issues of Doradidae. Chapter 1 provides information on the characteristics of the
species of the subfamily Weitheimerinae: Wertheimeria maculata, Kalyptodoras bahiensis
and Franciscodoras marmoratus. The three species had 2n=58 chromosomes and the same
chromosomal formula with differences only in the distribution pattern of rDNA and specially
in the arrangement of the heterochromatin blocks. Such microstructural variation seems to be
related to the salutatory activity of transposable elements, among which the retrotransposon
Rex3 is worth being highlighted. It was also suggested a biogeographic hypothesis to explain
the karyotypic diversification of Wertheimerinae, which is based on River catching events in
the Espinhago Complex and provided a dynamic interchange in the ichthyofauna between Sao
Francisco River and the eastern coastal drainage.Chapter 2 deals with cytotaxonomic issues,
with emphasis on the genus Anadoras, which is the most widely distributed among those
allocated in Doradidae, however the genus has only two formally described species: Anadoras
grypus and Anadoras wedelli, and in the present study the taxonomic status of a possible new
endemic species from Upper Araguaia River was tested using cytogenetic markers and DNA
delimitation algorithms based on DNA barcoding.The chromosome data were eficiente only
to differenciate A. grypus from its congeneres,evidencing a remarkable similarity between A.
wedelli and Anadoras sp. “araguaia”. However, DNA barcoding clearly separated the three
species, identifying three molecular operational taxonomic units (MOTUSs), with high genetic
divergence value and supported by Bayesian inferences, Likelihood and by all algorithms of
species delimitation. It was also observed a low genetic distance between populations of A.
wedelli from Upper, Middle Paraguay River and Lower Amazonas, suggesting a low
variability among populations geographically distant. Interestingly, the intraspecific distance
observed in individuals from the same A. grypus population was higher than what was
observed in populations from the distant basis of A. wedelli, however the value does not
support the hypothesis of cryptic species in sympatri in Lake Cataldo and suggest that the
variation described for the NORs pattern is an intrapopulational polymorphism. In Chapter 3,
evolutionary inferences using the Mesquite software were proposed to explain the origin of
the current karyotype diversity in Doradidae. In this study, 9 species were analyzed showing a
remarkable variation in the diploid number: 2n = 44 in Amblydoras nheco, 2n = 46 in
Amblydoras affinis, 2n = 52 in Astrodoras asterifrons, 2n = 58 in Platydoras hancockii,



Pterodoras granulosus, Centrodoras brachiatus, Oxydoras kneri, Hemidoras stenopeltis and
2n = 60 in Trachydoras steindachneri. Cryptic species were identified in Amblydoras affinis
as well as an unprecedented system of multiple NORs in P. hancockii. The reconstruction of
the ancestral character corroborated previous studies and estimated 2n=58 chromosomes and
simple terminal NORs in the short arm of subtelocentric as basal, these characteristics remain
conserved in different clades of Doradidae, however it also occurs in derived karyotypes due
to chromosomal rearrangements (pericentric inversations, Fission and Centric Fusion and
translocations) and also by the differential accumulation of heterochromatic.

Key-words: Karyotypes. Citotaxonomy. DNA barcoding. MOTUs. Heterochromatin.
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Figura 9 -

Figura 10 -

Espécies analisadas no presente estudo: [a] Franciscodoras marmoratus
[b] Kalyptodoras bahiensis [c] Wertheimeria maculata [d]JAnadoras
grypus [e] Anadoras weddellii [f] Anadoras sp. ‘“araguaia” [g]
Astrodoras asterifrons [h] Amblydoras nheco [i] Amblydoras affinis [j]
Platydoras hancockii [I] Pterodoras granulosus [m] Trachydoras
steindachneri [n] Oxydoras niger [0] Centrodoras brachiatus [p]
Tenellus ternetzi [q] Hemidoras stenopeltis [r] Ossancora punctata.

Fontes: Sousa (2010); José Olivan Birindelli (arquivo pessoal); Queiroz

et al. (2013); Capitulo 3 do livro Peixes do Rio do rio Madeira....................
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Topographic map showing the Sdo Francisco basin and the Brazilian
eastern coastal drainages. The circles indicate the collection sites of W.
maculata from Pardo River (red circle), K. bahiensis from Paraguacu
River (pink circle) and F. marmoratus from S&o Francisco River
(yellow circles). The Espinhago Complex is highlighted between these
two hydrographical basins and its geomorphological transformations at
over the thousands years influenced the current ichthyofaunistic

composition of these adjacent watershed. The red squares are indicating

regions where headwater stream-captures have already been recorded.........

Karyotypes of Wertheimerinae species evidenced the conservation of
diploid numbers and karyotypic formulae in contrast with divergences
in heterochromatin distribution: W. maculata (a) Giemsa staining (b) C-
banding; K. bahiensis (c) Giemsa staining (d) C-banding; F.
marmoratus (e) Giemsa staining (f) C-banding. The boxes contain the
chromosome pairs bearing the 18S (green signals) and 5S (red/pink
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Figure 3 -

Figure 4 -

Metaphasis of Wertheimerinae species after FISH with Rex3
retrotransposon (a) W. maculata (b) K. bahiensis (c) F. marmoratus.
The arrows indicate the pair bearing the NORs bearing chromosomes
which in both species shows homology to the Rex3 retrotransposon.
The boxes show some pairs with heterochromatic blocks with partial

overlap with Rex3 retrotransposon, suggesting the existence of the other
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Similarity dendrogram based on Euclydean distances constructed from
40 cytogenetic characters of Wertheimerinae species and two

outgroups: Anadoras sp. “araguaia” and Platydoras armatulus. ..................

CAPITULO 2

Figure 1 -

Figure 2 -

Figure 3 -

Topographic map showing the localities where the Anadoras species
was collected. Anadora grypus was collected in Cataldo Lake, in
Central Amazon basin (Pink square); Anadoras sp. “araguaia” was
collected in a marginal Lagoon near to Medo stream a small tributarie
of Araguaia river (Red square); Anadoras weddellii was collected in
two different points in Paraguay river basin: marginal lagoon of Cuiaba

river (Gray square) and in marginal lagoons of Miranda river (Black
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Anadoras species here analyzed and the mainly diagnostic

morphological features. [A]=A. grypus; [B]= A. weddeellii;

[C]=Anadoras sp. “araguaia”. FONTE: Sousa (2010) unpublished data.......

Karyotypes of Anadoras species after conventional and molecular
cytogentics analyzis: A. weddellii (a) Giemsa staining (b) C-banding
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INTRODUCAO

A América do Sul é um centro da biodiversidade ictiofaunistica, apenas em aguas
continentais, 739 géneros, 69 familias e 20 ordens foram descritas, representando ao todo
mais de 5160 espécies validas (Reis et al., 2017). Essas incrivel biodiversidade reflete a
disponibilidade abundante de recursos hidricos, visto que nessa regido encontram-se trés das
maiores bacias hidrogréficas do planeta: Amazonas, Orinoco e Platina (Vari & Malabarba,
1998). Anualmente, dezenas de novas espécies de peixes sdo descritas, porém diferentes
atividades antropogénicas vém causando a extin¢do de muitas espécies antes mesmo de serem
formalmente reconhecidas pela comunidade cientifica. De acordo com a lista vermelha de da
Fauna Brasileira (Rosa & Lima, 2008), 135 espécies de peixes dulcicolas estdo em perigo
iminente de extingdo, principalmente aquelas descritas para as bacias do Atlantico Leste
(devido aos impactos causados por atividades urbanas e industriais) e amazonica (construcao

de represas hidrelétricas e desmatamento decorrente da expanséo agricola).

Diante desse contexto, descrever a biodiversidade é o primeiro passo para
protege-la dessas constantes ameacas. Nesse sentido, durante muito tempo a diferenciacédo
morfolégica foi o Unico critério de escolha para os taxonomistas descreverem e inventariar a
biodiversidade ictiofaunistica. Contudo, diferengas morfoldgicas ndo sdo sempre causadas
pela histéria evolutiva independente, e grupos isolados reprodutivamente podem ser
morfologicamente indistinguiveis, como nos casos de complexos de espécies e espécies
cripticas (Piggott et al., 2011; Souza-Shibatta et al., 2013; Prizon et al. 2017; Usso et al.
2018). Desse modo, a taxonomia precisa ser pluralista e integrar novas abordagens para
fornecer um inventario acurado sobre a biodiversidade ictiofaunistica de uma determinada
regido.

A taxonomia integrativa é a abordagem mais eficaz para a descoberta de novos

taxons e também para estimar a verdadeira biodiversidade em grupos cripticos, onde a analise
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taxonémica tradicional baseada em variagfes morfologicas e distribuicdo geografica nao é
eficiente (Dayrat, 2005; Pante et al., 2015 ). Nos ultimos anos, diversos tipos de marcadores
moleculares, incluindo cromossomos, genes nucleares e mitocondriais, tém sido associados a
dados morfoldgicos, proporcionando uma compreensdo mais ampla da biodiversidade e das
relacbes filogenéticas em diferentes peixes neotropicais (Souza-Shibata et al., 2018, Serrano
et al., 2018). Por apresentar regibes variaveis o suficiente para analisar grupos
taxonomicamente relacionados, o DNA barcoding tem sido usado como uma ferramenta
universal para delimitacdo de espécies (Hebert et al., 2003a; 2003b; 2004a; 2004b).
Adicionalmente, novas ferramentas metodoldgicas nas andlises de DNA barcoding
disponiveis em plataformas online tém sido incorporados garantindo a melhor confiabilidade
dos dados tais como o sistema de BINs, ABGD, PTP e GMYC (Barreto et al., 2015), entre
outros. Esse métodos geralmente fornecem resultados congruentes e sdo eficazes na
descoberta de muitas espécies de peixes, principalmente em grupos cuja divergéncia ocorreu a
pouco tempo.

Nos ultimos anos, diversos trabalhos tem empregado os dados citogenéticos como
ferramenta adicional e complementar aos resultados obtidos com DNA barcoding na
taxonomia molecular de diferentes grupos de peixes (Prizon et al., 2017; Ferreira et al., 2017
Usso et al., 2018). As diferencas no cariotipo sdo capazes de determinar isolamento
reprodutivo, seja pela incompatibilidade de gametas ou pelos efeitos sobre a fertilidade,
constituindo um evento relevante para o processo de diferenciacdo entre especies (Coghlan et
al., 2005; Allendorf & Luikart, 2007). Nesse contexto, as analises cariotipicas comparadas,
permitem detectar rearranjos cromossomicos relacionados a presenca de unidades evolutivas
unicas, gerando marcadores para citotaxonomia (Maurutto et al., 2012). Adicionalmente, as
analises moleculares baseadas em DNA ndo podem substituir a analise cromossémica

(Allendorf & Luikart, 2007) visto que a citogenética permite analisar a macro-organizacao do
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material nuclear ao passo que a analise do DNA ¢ realizada, em geral, a partir de um ou
poucos loci.

Apesar dessas potencialidades e do baixo custo das andlises citogenéticas, €
notavel o aparente descaso dos estudos com cromossomos em projetos de conservagao e
estudos da biodiversidade. Diante desse contexto, o presente estudo foi desenvolvido com
intuito de descrever a variabilidade cariotipica de 15 espécies de Doradidae, dentre as quais
estdo espécies ameacadas de extingdo, outras com importancia comercial e principalmente
alguns grupos com problemas taxondmicos. Assim diferentes marcadores cromossomicos
foram utilizados visando demonstrar a importancia das analises citogenéticas como
ferramenta complementar, e que juntamente com o DNA barcoding e programas de
reconstrucdo de caracteres ancestrais pode produzir dados de grande valia para resolver

conflitos taxondmicos e compreender alguns processos evolutivos.
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2. FUNDAMENTACAO TEORICA
2.1 A América do Sul e sua diversidade ictiofaunistica em aguas continentais

Os primeiros organismos que podem ser classificados como peixes surgiram
durante o periodo Cambriano, ha mais de 500 milhdes de anos, desde aquela época até os dias
atuais, esse grupo ja exibia uma incomparavel diversidade morfolégica, fisioldgica e
comportamental que proporcionou uma rapida e eficiente ocupacdo dos mais diversos
ecossistemas aquaticos do planeta Terra. Atualmente existem mais de 32.000 espécies,
vivendo em rios, lagos, estuarios, mares e oceanos € que mesmo apos sucessivos eventos de
mudanca climaticas e extincdes em massa, ainda sdo dentre os vertebrados modernos o grupo

com maior diversidade (Nelson, 2016).

Os peixes nao representam um grupo natural, sendo na realidade uma “escada”
filogenética, onde estdo alocados os Hyperotreti ou Myxini (peixes-bruxa), Petromyzontoidea
(lampreias), Condrichthyes (tubarbes, raias e quimeras), Actinopterygii (peixes com
nadadeiras raiadas), Actinisia (celacantos) e os Dipnoi (peixes pulmonados), além de
numerosos taxa ja extintos. Muitos desses organismos possuem grande relevancia econémica,
constituindo um importante componente da dieta alimentar do ser humano, sendo inclusive, a
base da economia de varios paises. Também sdo apreciados na pesca esportiva, assim como
no mercado aquariofilista. Devido a sua tamanha diversidade, algumas espécies tém sido ao
longo dos anos extensivamente utilizadas como modelos em trabalhos cientificos, visando
compreender questdes comportamentais, ecologicas, evolutivas, geneticas e fisiologicas

(Nelson, 2016).

O continente sul-americano € considerado um centro de megadiversidade

ictiofaunistica, para se ter uma ideia, apenas em aguas continentais, ja foram descritas
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5160 espécies distribuidas em 739 géneros, 69 familias e 20 ordens (Reis et al., 2016).
Tamanha riqueza de espécies tem relacdo direta com o fato de que nessa regido estao situados
trés das maiores bacias hidrograficas do mundo: Amazonas, Orinoco e Platina que juntas
descarregam mais de 269.000 m3 de agua por segundo no Oceano Atlantico, o que se
equipara a mais de 25% de toda agua doce superficial do planeta Terra (Vari & Malabarba,
1998). Além dessas trés grandes drenagens, existem outras dez bacias hidrograficas ou
também denominadas de Ecorregioes dulcicolas mundiais, sdo elas: Atlantico Leste, Guianas,
Magdalena, Maracaibo-Caribe, Atlantico Nordeste, Pacifico Nordeste, Orinoco, Atlantico

Sudeste, Cone Sudeste, Sao Francisco e Titicaca (Abell et al., 2008).

[l GreatAmazon
Atlantico Leste

P Guianas

- Magdalena

- Maracaibo-Caribe

- Atlantico Nordeste

Pacifico Noroeste

. Orinoco

. Platina

[ Atlantico Sudeste
[ Cone Sudeste
[ sao Francisco

. Titicaca

Figura 1 — Bacias hidrograficas da América do Sul. Figura adaptada a partir de Albert et al., (2016).

As bacias hidrogréficas sul-americanas sdo extremamente heterogéneas, em
relacdo as suas caracteristicas fisicas, quimicas e estruturais, 0 que torna possivel a existéncia
de uma variedade de habitats, que por sua vez sdo ocupados por diferentes tipos de peixes.

Assim, as espécies se distribuem desde os lagos de alta altitude e corredeiras torrenciais dos
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Andes, nas planicies de inundacdes permanentes e savanas ou estuarios que sazonalmente sdo
inundados, em florestas inundadas e canais profundos de grandes rios de terras baixas e até
mesmo em canais subterraneos e cavernas das paisagens carsticas do Escudo Brasileiro (Reis

et al., 2016).

De um modo geral, os peixes dulcicolas descritos para a América do Sul séo
comumente classificados em trés grupos: a primeira divisdo inclui peixes cuja diversificacdo
ocorreu exclusivamente em ecossistemas continentais é o caso de todos os Ostariophysi,
dentre os quais se destacam os Siluriformes (1915 spp.), Characiformes (1700 spp.) e
Gymnotiformes (212 spp.) juntamente com mais quatro pequenas familias de teledsteos,
Arapaimidae (3 spp.), Osteoglossidae (2 spp.), Polycentridae (6 spp.) e Lepidosirenidae (1
spp.). O segundo grupo € constituido por peixes que sdo confinados a habitats de agua doce,
porém proximamente relacionados a taxons marinhos, como é o caso das familias Cichlidae
(480 spp.), Rivulidae (270 spp.), Cyprinodontidae (59 spp.), Anablepidae (17 spp.) e
Poecilidae (250 spp.). Embora facilmente distinguiveis, esses dois grupos compartilham uma
historia evolutiva, sendo ambos originados em Gondwana h& aproximadamente 145-100
milhdes de anos (antecedendo a completa separacdo da América do Sul) e posteriormente,
foram submetidos a radiagdes evolutivas durante o Paleogene (66 — 23 milhGes de anos) (Reis

etal., 2013).

A terceira divisdo corresponde a uma assembleia contendo 28 familias de
teledsteos e elasmobranquios marinhos que invadiram os ecossistemas dulcicolas da América
do Sul em diferentes momentos. Fazem parte desse grupo as familias: Atherinidae,
Atherinopsidae, Engraulidae (anchovas), Scianidae (corvinas), Anguillidae (enguias),
Achiridae (linguados), Gobiidae (caboz), Mugilidae (tainhas), Belonidae (peixe-agulha),
Tetraodontidae (baiacus), Clupeidae, Pristigasteridae (sardinhas), Potamotrygonidae (arraias)

entre outros (Albert et al., 2011).
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A vasta rede hidrografica da America do Sul como atualmente encontra-se
configurada, permitiu o surgimento de uma fauna de peixes rica em espécies com uma grande
variedade de adaptacgdes, resultado de um processo evolutivo que se iniciou ha mais de 100
milhdes de anos, sobre influéncia de numerosos eventos geoldgicos e mudancas climaticas
(Albert & Reis, 2011). Além disso, o continente sul-americano é a Unica regido da Terra que
ndo sofreu grandes alteragcbes em decorréncia do resfriamento ocorrido durante o Cenozoico,
da formacdo de zonas boreais e temperadas em altas latitudes, assim como pela aridificagéo
em latitudes equatoriais, que nas demais regides do planeta provocaram extingdes em massa e

rotatividade bidtica (Hoorn et al., 2010; Kristiansen et al., 2011; Morley, 2012).

2.2 Caracteristicas gerais e composi¢ao ictiofaunistica das principais bacias

hidrogréficas do Brasil

O territorio brasileiro é contemplado com a maior rede fluvial do planeta, tanto
em volume quanto em extensdo. Nela estdo os rios Amazonas e a bacia Platina (rios Parana,
Paraguai e Uruguai) que sdo considerados hotspots para descoberta de novas espécies de
peixes (Nelson, 2016). Estima-se que a ictiofauna brasileira seja constituida por mais de 2.300
especies de agua doce (Reis et al., 2003), todavia esse valor certamente encontra-se
subestimado considerando que somente na Ultima década, dezenas de espécies foram
descritas, principalmente devido a incorporacdo de analises moleculares (DNA barcode) e

uma exploragdo mais intensa em bacias hidrogréficas pouco amostradas.
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Figura 2 — Gréfico de setores evidenciando o nimero de espécies dos principais grupos de peixes de agua doce
da América do Sul, baseado no levantamento feito por Reis et al. (2013). Ordem Characiformes (A)
Moenkhausia sanctafilomenae (B) Boulengerella (C) Salminus brasiliensis; Ordem Siluriformes (D) Pterodoras
granulosus (E) Pseudoplatystoma fasciatum (F) Hypostomus (G) Brachyplatystoma filamentosum; Ordem
Persiformes- Cichlidae (H) Symphysodon discus (I) Astronotus ocellatus; Ordem Cyprinodontiformes —
Aplocheilidae (J) Austrolebias; Ordem Gymnotiformes — Apteronotidae (L) Apteronotus; Lepidosirenidae (M)
Lepidosiren paradoxa; Ordem Osteoglossiformes (N) Osteoglossum (O) Arapaima gigas; Ordem

Myliobatiformes (P) Potamotrygon motoro; Ordem Pleuronectiformes (Q) Catathyridium.

A0 passo que muitas espécies sdo descritas anualmente no Brasil, outras dezenas
sdo extintas sem ao menos serem descritas ou encontram-se seriamente ameacadas. Segundo o
livro vermelho da Fauna brasileira ameacada de extin¢do, 135 espécies de peixes dulcicolas
estdo sob iminente risco, sendo que a maior parte delas sdo descritas para as bacias
hidrogréficas do Atlantico Leste (situada entre a foz do rio Sdo Francisco até os rios costeiros

de Santa Catarina) e drenagens amazonicas.

As principais atividades antrépicas responsaveis pelo declinio da biodiversidade

ictiofaunistica sdo: a exploragdo comercial abusiva (principalmente de espécies de grande
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porte ou que tem valor no mercado aquariofilista), introducdo de espécies exdticas (manejo
inadequado de estacbes de piscicultura), fragmentacdo ou completa destruicdo do meio
ambiente pelas atividades agricolas, construcdo de reservatérios hidrelétricos (favorece a
ocupacdo de espécies lacustres em detrimento das populacdes originais) e poluicdo gerada

pelos grandes centros urbanos (Reis et al., 2017).

EEAs bacias hidrogréficas do Brasil possuem particularidades atribuidas
principalmente &s caracteristicas ambientais dominantes, em especial, o indice pluviométrico
numa escala temporal e espacial, a historia geologica, composi¢do dos solos e a sedimentacdo
(Cunha & Guerra, 1998). Diante de tamanha heterogeneidade, diferentes métodos foram
testados visando estabelecer um sistema de classificacdo para as bacias hidrograficas, sendo
que atualmente a divisdo mais aceita considera a existéncia de 8 grandes bacias: Amazonica,
Tocantins-Araguaia, Sdo Francisco, Paraguai-Parand, Uruguai além das pequenas drenagens

costeiras do Atlantico Sul subdivididas em porgdes norte-nordeste, leste e sudeste.

2.3 A bacia Amazonica

A bacia hidrografica amazonica situa-se na por¢do norte da América do Sul e
abrange o territorio de nove paises: Brasil, Guiana Francesa, Suriname, Guiana, Venezuela,
Colémbia, Equador, Peru e Bolivia cobrindo uma area que ultrapassa 8,4 milhdes de km2.
Nela encontra-se o rio Amazonas, que possui mais de 6.400 km de extensdo desde suas
nascentes a 5.500 m de altitude na montanha Nevada Mismi, Cordilheira dos Andes (sul do
Peru) até sua foz no oceano Atlantico. Ao longo do seu percurso, 0 rio Amazonas recebe
diferentes nomes, em territério peruano € conhecido como Ucayali, Urubamba, Tunguraqua,
Apurimac e Marafion. Ao ultrapassar as fronteiras do Brasil recebe 0 nome de Solimdes,
sendo somente denominado rio Amazonas a partir da confluéncia com o rio Negro, proximo a

Manaus (Van der Sleen & Albert, 2018).
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Esse complexo sistema fluvial descarrega toneladas de sedimentos no oceano
Atlantico que por sua vez, fornecem nutrientes para sustentar a vida de diversos organismos
marinhos, muitos dos quais, atuam diretamente no processo de sequestro de carbono e
contribuem para a estabilizacdo do clima da Terra (Subramaniam, 2008). Além disso o rio
Amazonas sustenta a maior floresta tropical do planeta, responsavel pela producdo de cerca de
20% de todo suprimento de oxigénio e também considerada um hotspot de biodiversidade
animal e vegetal (Hoorn & Wesselingh, 2010). Em seu vasto e heterogéneo territdrio ja foram
descritas 11.200 espécies de arvores, 7.500 borboletas, 1.500 passaros (Hubbell et al., 2008)

além de mais de 3.000 espécies de peixes (Van der Sleen & Albert, 2018).

Diversos fatores podem ser elencados no intuito de justificar a atual
biodiversidade ictiofaunistica descrita em rios amazOnicos, entretanto a abundéncia e
disponibilidade de diferentes tipos de recursos alimentares, certamente é um fator diretamente
relacionado a tamanha diversificacdo. De acordo com Carvalho et al., (2007), a ictiofauna da
Amazonia explora uma ampla variedade de alimentos, contudo a disponibilidade desses
recursos variam acentuadamente devido as fortes oscilagbes sazonais (periodos de cheia e
seca) 0 que tornou necessario o desenvolvimento de estratégias de alimentacdo diversificadas.
Devido a essas variagdes, nos rios amazonicos predominam espécies com habitos alimentares
generalistas e oportunistas, no entanto, alguns grupos especialistas, como os candirus que se
alimentam de sangue e os peixes que se alimentam de escamas, ndo dependem de recursos
alimentares derivados do plancton ou de cadeias alimentares baseadas em detritos, ou das

florestas ribeirinhas.

A diversidade de peixes na Amazonia também reflete, em grande parte, a
heterogeneidade dos ambientes aquéaticos disponiveis. Nesse sentido de acordo com a
composicdo quimica das aguas (pH, coloracdo, transparéncia e condutancia elétrica), os

ecossistemas fluviais amazonicos sdo tradicionalmente divididos em trés tipos: (a) Rios de
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Agua branca, tem sua origem na Cordilheira dos Andes e transportam uma grande
quantidade de sedimentos ricos em nutrientes, o que confere um pH neutro, alta turbidez e
condutividade elétrica em torno de 40 — 140uS cm! , nessa categoria se enquadram 0s rios:
Jurua, Japurd, Purus e Madeira. (b) Rios de Agua Negra, como é o caso do rio Negro,
drenam o escudo cristalino Pré-cambriano da Guiana, suas aguas sdo escuras e com pH
levemente &cido (em torno de 4-5) o que tem relacdo direta com a presenca de elevada
quantidade de acidos humicos que dao a dgua uma coloracdo marrom-avermelhada. (c) Rios
de Agua Clara, tais como os rio Tapajos e Xingu que drenam as regides do cerrado e escudo
arcaico centro-brasileiro. Esses rios tem como caracteristica principal aguas esverdeadas e
com elevado nivel de transparéncia (superior a 150 c¢cm),pH em torno de 6 — 7, baixa
condutividade devido &s baixas quantidades de sedimentos e sélidos dissolvidos (Sioli, 1968;

1991; Villamizar et al., 2014).

2.4 A bacia dos rios Tocantins-Araguaia

A bacia hidrografica do rio Tocantins-Araguaia drena uma é&rea de
aproximadamente 767.000 km? (Mérona et al., 2010), com suas principais nascentes situadas
na regido central do Brasil nos estados de Mato Grosso e Goias seguindo um fluxo em direcéo
ao norte até desaguar no delta da baia da Ilha de Marajo, no estado do Parad (Santos et al.,
2004). A ictiofauna desse vasto sistema hidrografico é bastante semelhante aquela descrita nas
demais bacias amazonicas, especialmente nas por¢fes mais baixas proximas a sua foz
(Goulding et al., 2003), porem essa bacia se destaca por conter um elevado numero de
especies endémicas, principalmente em suas por¢des mais altas, proximas as suas nascentes

(Santos et al., 2004; Bertaco et al., 2011, Claro & Shibatta, 2013).
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O sistema do rio Araguaia é de acordo com Lowe-McConnell, (1999), um
complexo mosaico de ambientes lacustres e 16ticos que devido a essa acentuada diversidade
abrigam uma ictiofauna bastante rica, sendo a maior parte dela constituida por espécies
endémicas. O rio Araguaia, assim como, uma grande parcela da bacia do Tocantins-Araguaia
encontram-se inseridos no bioma Cerrado, que embora seja um hotspot de biodiversidade, é
considerado um dos 25 biomas mais ameacados do nosso planeta (Mittermeier et al., 1999).
As princiais atividades antropogénicas responsaveis pelo declinio da biodiversidade
ictiofaunistica nessa bacia sdo: devastacdo da vegetacdo riparia devido atividades
agropecuérias, expansao das fronteiras agricolas gerando aumento no desmatamento e
derrubada de matas ciliares, mineracdo, introducdo de espécies exoticas e obviamente

construcdo de usinas hidrelétricas (Ferreira & Tokarski 2007; Agostinho et al., 2009).

2.5 A bacia do rio Paraguai

O rio Paraguai € um dos trés grandes afluentes do Rio de La Plata, juntamente
com o Parana e o Uruguai. Esse complexo sistema fluvial drena a parte central do continente
sulamericano, abrangendo uma vasta area com cerca de 1.1 milhdes de km?, que se inicia nas
suas cabeceiras no Brasil, Bolivia, Paraguai e Argentina até sua confluéncia com o rio Parana
no norte de Corrientes onde da inicio ao rio da Prata, cuja foz € no Oceano Atlantico

(Carvalho & Albert, 2011).

A bacia do Alto rio Paraguai engloba uma complexa rede de rios caudalosos e
profundos associados a sistemas lacunares que podem ser intermitentes ou temporarios.
Nesse sentido a drenagem do rio Paraguai pode ser classificada em duas regides distintas:
uma vasta planicie de inundagdo (uma das maiores do mundo com cerca de 140.000 km?)

conhecida como Pantanal; e uma regido plat6, constituida de areas com altitudes superiores a



33

200 m, abrangendo aproximadamente 223,500 km2 (Silva & Abdon, 1998). Estas duas
regides exibem caracteristicas estruturais e geomorfoldgicas particulares, entretanto séo ainda
muito interdependentes pois os principais rios que formam o Pantanal tem suas cabeceiras nas

regides mais elevadas proximas ao escudo cristalino brasileiro (Teresa et al., 2010).

Aproximadamente 309 espécies de peixes foram identificadas na bacia do rio
Paraguai, sendo predominantemente constituida por membros das ordens Characiformes e
Siluriformes (Ferreira et al., 2017). De acordo com Carvalho & Albert, (2011), a origem da
ictiofauna atual da bacia do rio Paraguai tem relagdo direta com o periodo de intensas
modificacbes geomorfoldgicas que ocorreram na Cordilheira dos Andes. Esses movimentos
orogenéticos, possibilitaram o intercambio de ictiofauna dessa bacia com outras adjascentes,
como € o caso dos rios Mamoré, Tapajos, Madeira e Tocantins-Araguaia. Sendo assim, a atual
fauna de peixes reportada para essa bacia contém muitos grupos de origem amazénica, que
em diferentes momentos, migraram de afluentes das bacias adjascentes por meio de eventos

de vicariancia ou geodispersao.

2.6 A bacia do Rio Sdo Francisco e Atlantico Sul — Leste

O rio S&o Francisco possui uma area de drenagem com aproximadamente 2.756
km abrangendo os estados de Minas Gerais, Bahia, Pernambuco,Alagoas e Sergipe. Sua bacia
hidrografica exibe uma ampla heterogeneidade de ambientes, incluindo: areas de cachoeira,
planicies alagadas, lagoas marginais e regifes estuarinas, além de uma infinidade de pogas
intermitentes ao longo do seu leito, o que Ihe confere uma rica e diversificada ictiofauna,

constituida por cerca de 400 espécies, muitas delas endémicas (Barbosa et al., 2017).

A bacia do Atlantico Leste brasileiro € um hotspot de biodiversidade de peixes,

com mais de 190 espécies descritas para esta regido; entre eles, uma parcela consideravel €



34

endémica (Ribeiro, 2006). Esta bacia hidrografica € composta por vinte e cinco drenagens
independentes (geograficamente isoladas), incluindo grandes rios, como é o caso de
Paraguacu, Contas, Jequitinhonha e Doce, além de sistemas hidrograficos menores (Pardo,
Una, Mucuri e Sdo Mateus) (Camelier & Zanata, 2015). A ictiofauna atual descrita para essa
bacia hidrografica é originaria de um complexo processo influenciado por trocas entre rios de
escudos cristalinos de terras altas adjacentes (Rosa et al. al., 2004; Ribeiro, 2006; Buckup et
al., 2011; Camelier & Zanata 2015), associado as mudancas no nivel do mar (transgressoes e

regressdes marinhas) ocorridas durante o Pleistoceno Superior (Weitzman et al., 1988).

Os sistemas hidrogréficos do rio S&o Francisco e as drenagens costeiras do Leste
possuem uma estreita relacdo, no tocante a origem de sua biodiversidade ictiofaunistica. Essas
bacias atualmente encontram-se isoladas devido a vasta cadeia de montanhas que compde a
Serra do Espinhaco, entretanto em diferentes periodos geoldgicos alteracBes estruturais
proporcionaram o intercdmbio entre a fauna de peixes dessas duas bacias, por meio de eventos

de captura de cabeceira (Ribeiro, 2006).

2.7 A Familia Doradidae (Caracteristicas morfologicas, importancia biologica e
comercial).

Morfologicamente, os peixes que pertencem a familia Doradidae podem ser
facilmente distinguidos dos demais Siluriformes. Sendo que as principais caracteristicas
diagndsticas sdo: (1) presenca do escudo infranucal, formado a partir de um ligamento
ossificado entre a placa nucal posterior e a costela da sexta vértebra; (2) presenca de um
ligamento entre o ramo de Muller e os escudos timpanicos; e (3) hipertrofia da ossificacdo dos
tbulos da linha lateral formando uma fileira de escudos laterais cada qual contendo um ou

mais espinhos retrorsos (Birindelli, 2014).
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Actleos nas nadadeiras dorsais e peitorais

Linha Lateral ossificada

Platydoras birindellii

Figura 3 - Exemplar de Platydoras birindelli (Sousa et al. 2018), em destaque as principais caracteristicas
diagnosticas de Doradidae. FONTE: José Olivan Birindelli.

A maioria dos estudos sobre caracteristicas biol6gicas da familia Doradidae foram
realizados visando descrever os habitos alimentares. Desse modo, a dieta desse grupo de
peixes é bastante diversificada, sendo que, a maioria das espécies ja estudadas é onivora, se
alimentando desde microalgas e vegetais até pequenos invertebrados aquaticos (larvas de
insetos, acaros, nematodeos e protozoarios), moluscos e crustaceos (Sabaj & Ferraris, 2003;
Sabaj et al., 2005; Fugi et al., 2007; Agostinho et al., 2009). Dentre os doradideos onivoros,
Pterodoras granulosus se destaca por acumular o maior nimero de estudos. De acordo com
Catanhéde et al., (2007), essa espécie além de ocupar um vasto territério geografico, tem
papel fundamental no controle biolégico do mexilhdo-dourado (Curbicola fluminea), um
molusco de origem asiatica que é considerado uma espécie invasora que vem causando uma

série de desequilibrios ambientais no reservatorio hidrelétrico de Itaipu.

Outro aspecto ecoldgico associado ao habito alimentar de alguns doradideos é a
capacidade de auxiliar na dispersdo de sementes de determinados grupos vegetais. A
ictiocoria é um processo fundamental para alguns tipos de plantas, visto que este é o Unico
modo de colonizar novos hébitats e também de minimizar os efeitos da competicdo ou de

predacdo. Essa atividade dispersora é realizada principalmente por doradideos especializados



36

no consumo de frutas, folhas e sementes, sendo que ja foi comprovada nas espécies

Lithodoras dorsalis, Megalodoras uranoscopus e Pterodoras granulosus (Barbosa, 2012).

Informagdes referentes ao comportamento reprodutivo sdo ainda mais raras. De
acordo com Agostinho et al., (2003), algumas espécies, principalmente as de grande porte
realizam a piracema, ou seja, sdo capazes de migrar longas distancias para se reproduzirem.
Essas espécies geralmente possuem fecundacao externa e ndo tem cuidado parental. Contudo,
a maioria dos pequenos doradideos € sedentéria e protegem sua prole desde o nascimento até
atingirem um estagio maduro. Segundo relatos de alguns aquariofilistas, algumas espécies

também séo capazes de construir ninhos durante o periodo de reproducédo (Burguess, 1989).

Os membros da familia Doradidae ocupam uma vasta gama de habitats e ja foram
descritos em praticamente todos os sistemas hidrograficos da América do Sul (Birindelli &
Sabaj Pérez 2011). Apesar de possuir ampla distribuicdo geografica, a maior parte (cerca de
70%) é exclusiva da bacia Amazoénica que € um ecossistema caracterizado por uma enorme
variedade de habitats e também por ser bastante estdvel do ponto de vista climatico. Além
disso, os doradideos tem uma preferéncia em ocupar areas mais baixas, principalmente em
planicies de inundacdo que sdo muito comuns na bacia Amazonica e sdo caracterizadas por
um ritmo sazonal marcante, que contribui para uma grande disponibilidade de recursos

alimentares durante todo ano (Birindelli & Sousa, 2010).

Além da bacia Amazonica, os doradideos também sdo importantes componentes
ictiofaunisticos da bacia Platina, principalmente nos rios Parana e Paraguai. Nesses sistemas
ja foi registrada a ocorréncia das espécies: Anadoras weddellii, Amblydoras nheco, Platydoras
armatulus, Rhinodoras dorbignyi, Pterodoras granulosus, Trachydoras paraguayensis,

Oxydoras kneri, Ossancora punctata e Ossancora eigenmanni. Esses peixes habitam
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preferencialmente ambientes de varzea, sendo frequentemente capturada em planicies de

inundacdo (Zawadzki et al., 1996; Britskii, 2007).

E interessante ressaltar a presenca de doradideos endémicos de bacias costeiras do
nordeste e sudeste do Brasil. Dentre elas podemos destacar Franciscodoras marmoratus,
Wertheimeria maculata e Kalyptodoras bahiensis que sdo encontrados somente nos rios S&o
Francisco, Jequitinhonha e Paraguacu, respectivamente. Tais espécies sdo filogeneticamente
muito importantes para a compreensdo da histéria evolutiva e biogeografica de Doradidae,
pois ocupam uma posicdo basal dentre os demais tdxons dessa familia. Segundo Birindelli,
(2010), a elevacdo da Serra do Mar no final do Cretdceo (75-95 milhfes de anos)
provavelmente foi o evento responsdvel pela cladogénese e consequente isolamento
geografico observado entre essas espécies basais (clado Wertheimerinae) das demais

linhagens de doradideos.

Apesar da grande maioria das espécies de Doradidae ocuparem bacias
hidrograficas cis-Andinas, existem também alguns taxons endémicos do rio Magdalena e do
Lago Maracaibo, como é o caso de Rhinodoras thomersoni, Centrochir crocodili e Doraops
zuloagai. Todas essas espécies trans-andinas estdo relacionadas com géneros amplamente
distribuidos pela bacia amazénica, o que evidencia uma possivel conexao pretérita entre esses
diferentes sistemas hidrograficos. De acordo com Birindelli, (2010), a cladogénese desses
taxons deve ter acontecido entre 8 a 11.8 milhGes de anos, visto que esta é a idade da
formacgdo dessas bacias transandinas, cuja origem tem relacdo direta com 0s processos

geomorfoldgicos responsaveis pela elevacdo do norte da Cordilheira dos Andes.

2.8 Relacdes filogenéticas em Doradidae: um breve histdrico.

Nas Ultimas décadas a familia Doradidae passou por diversas revisdes

filogenéticas fundamentadas em caracteres morfoldgicos (Higuchi, 1992; Birindelli, 2006,
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Birindelli, 2010; Sabaj, 2002, Sousa, 2010) e também mais recentemente, em dados
moleculares obtidos por meio de sequéncias de genes nucleares e mitocondriais (Moyer et al.,
2004; Arce et al., 2013). Todas essas filogenias confirmam o carater monofilético desse
grupo, permanecendo apenas algumas divergéncias, quanto ao agrupamento, posicionamento

e monofiletismo de determinados géneros.

Baseando-se na analise de 311 caracteres morfoldgicos, Birindelli, (2014) propds
a hipotese filogenética mais atual e aceita para Doradidae. A partir dessa andlise, foi descrita
uma nova subfamilia denominada Wertheimerinae (Wertheimeria + Kalyptodoras)
considerada o clado basal e grupo-irmdo dos demais doradideos, incluindo o género
monotipico Franciscodoras (incertae sedis) e as subfamilias Astrodoradinae (Amblydoras,
Anadoras, Astrodoras, Hypodoras, Merodoras, Physopyxys, Scorpiodoras, Agamyxis e
Achantodoras) e Doradinae
(Platydoras,Centrochir,Pterodoras,Lithodoras,Doraops,Megalodoras,Centrodoras,Rhyncodo
ras,Orinocodoras,Rhinodoras,Oxydoras,Petalodoras, Trachydoras,Doras,Hemidoras,Nemado

ras, Hassar, Anduzedoras, Leptodoras, Ossancora e Tenellus).

Arce et al., (2013), propuseram uma filogenia molecular para investigar o
relacionamento entre os diferentes taxons da familia Doradidae, utilizando sequencias
completas de genes mitocondriais (DNAr 16S, DNAr 12S e subunidade 1 da Citocromo
Oxidase C) e do gene nuclear RAG 1 (Recombination activating gene 1). Nessa analise
foram incluidos todos os géneros da familia Doradidae, além de espécies de Auchenipteridae
e Aspredinidae (grupo externo). Os resultados obtidos corroboram a hipdtese de Sullivan et al.
(2006), onde o clado Doraddidea (Doradidae + Auchenipteridae) compartilha um conjunto
maior de similaridades com membros da Familia Aspredinidae (cascudos-banjos). Tais

autores também definiram a subfamilia Astrodoradinae (sem Acanthodoras e Agamyxis) como
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sendo o grupo basal de Doradidae seguido pelo clado Wertheimeria (Wertheimeria +
Kalyptodoras + Franciscodoras).

Algumas hipoteses de relacionamento intergenéricas e interespecificas permanecem
contrastantes quando sdo comparadas as filogenias morfoldgicas e moleculares. Algumas
delas merecem destaque, como é o caso da: 1) indefinicdo quanto ao clado basal de Doradidae
(Wertheimerinae ou Astrodoradinae); 2) ndo monofiletismo do género Ossancora (sendo O.
punctata uma espécie com posicdo incerta e ndo relacionada com O. eigenmanni + O.
asterophysa + O. fimbriata); 3) complexidade taxondmica existente no género Amblydoras.
Enfim muitas outras questdes, além destas, ainda permanecem sem uma resposta adequada,
dessa forma uma boa alternativa
para buscar o esclarecimento desses problemas taxonémicos seria a utilizacdo de marcadores

citogenéticos associados a outras analises moleculares, como é o caso do DNA barcoding.
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Figura 4 -Arvore filogenética mais parcimoniosa da subfamilia Astrodoradinae, construida a partir
marcadores morfoldgicos por Sousa, (2010).
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Figura 5 -Arvore filogenética mais parcimoniosa da familia Doradidae, obtida a partir de caracteres
morfoldgicos externos e osteoldgicos. Fonte: Birindelli, (2014).
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Figura 6 - Arvore filogenética de Maxima Verossinilhanca representando as relagdes entre os Doradidae a partir

de marcadores moleculares: nuclear (Ragl) e mitocondriais (mtDNA 16S e COIl). Fonte: Arce et al., (2013).
2.9 Estudos Citogenéticos.

A historia das analises cromossdmicas em Doradidae pode ser dividida em dois

momentos, Num primeiro instante, tais estudos baseados somente em técnicas convencionais,
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evidenciaram pouca variacdo na quantidade e morfologia dos cromossomos, de modo que, a
maioria das espécies portavam 2n=58, sendo que apenas Trachydoras paraguayensis
apresentou 56 cromossomos (Fenocchio et al., 1993). Essa baixa variabilidade sustentou
durante muito tempo a hip6tese de que esses peixes, embora amplamente distribuido pela
América do Sul, seguiam um modelo de evolucédo cariotipica conservado (Eler et al., 2007;

Milhomen et al., 2008).
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M Takagui et al. (2017a; 2017b): Cromossomos supranumerarios e Sexuais ZW
M Baumgartner et al. (2018): Plesiomorfias (2n=58/RONs terminais/ DNAr sinténicos)
e Citotaxonomia

Figura 7 — Esquema demonstrando os todos os estudos citogenéticos em Doradidae em ordem cronoldgica.

Essa baixa variabilidade cromossdémica provavelmente influenciou no fato de que
durante muito tempo, poucos estudos foram conduzidos nesse grupo de peixes, que ficaram de
certa forma “esquecidos” pelos citogeneticistas. Entretanto, a partir dos estudos de Takagui et
al., (2017a; 2017b) e Baumgartner et al., (2016; 2018), um segundo momento se iniciou,

evidenciando uma intensa variabilidade cariotipica principalmente nas especies da bacia
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Platina e do rio Araguaia-Tocantins. Tais estudos foram muito importantes, pois derrubaram o
modelo de evolugdo cromossdmica conservativa, que até entdo era proposto para Doradidae.

Nessa familia, embora o 2n=58 cromossomos ainda permane¢a COmo uma
caracteristica predominante e hipoteticamente ancestral (Eler et al., 2007; Takagui et al.,
2017a; Baumgartner et al., 2018), algumas espécies exibem varia¢des, principalmente em
nivel estrutural, com férmulas cariotipicas divergentes e originadas a partir de inversdes
pericéntricas. Contudo algumas espécies também exibem cariotipos com alteracGes humeéricas
devido a Translocacdes robertsonianas que atuaram tanto na reducdo do numero dipléide para
56 cromossomos em T. paraguayensis e Anadoras sp. “araguaia”, quanto na origem do 2n=66
descrito para O. punctata, que até o0 momento é o maior numero dipléide descrito para
Doradidae (Tabela 1).

Em relacdo ao padrdo de distribuicdo das regibes organizadoras de nucléolos
(RONSs), em todas as espécies de Doradidae esses sitios estdo restritos a apenas um par
cromossomico (Tabela 1). Entretanto existe uma variacdo em relacdo a posicdo dessas
regibes, de modo que em Trachydoras paraguayensis (Baumgartner et al., 2016; 2018) e
Hassar sp. (Milhomem et al., 2008) foram observadas RONSs intersticiais e nas demais
especies, esses sitios foram detectados terminalmente, podendo estar situado no braco curto,
como descrito em Wertheimeria maculata, Hassar wilderi Platydoras costatus, Hassar
orestis, Tenellus trimaculatus, Leptodoras cataniae, Platydoras armatulus, Rhinodoras
dorbignyi, Oxydoras niger, Ossancora eigenmanni e Ossancora punctata (Fenocchio et al.,
1992; Eler et al., 2007; Milhomem et al., 2008; Takagui et al., 2017b; Baumgartner et al.,
2018) ou no brago longo como observado em Tenellus ternetzi (Milhomen et al., 2008) e
Tenellus leporhinus (Takagui et al., 2017b).

Estudos utilizando a FISH para mapear os DNAr 18S e 5S foram realizados

apenas em nove especies, um cenario que torna praticamente impossivel delinear tendencias
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evolutivas a respeito da origem e variabilidade observado na distribuicdo dessa familia
multigénica no cariétipo de Doradidae. Porém, pode-se notar que em todas as espécies onde o
DNAr 18S foi mapeado, os resultados confirmaram os dados obtidos ap6s a impregnacao por
nitrato de prata, sem a deteccdo de sitios adicionais e corroborando a hipotese de que o padréo
de NOR simples é uma condicdo frequente nessa familia (Tabela 1). Vale ressaltar que em
alguns grupos a posicdo e localizacdo dos sitios de DNAr 18S foi importante para fins
citotaxondmicos, sendo eficiente para separar espécies simpatricas como observado por
Milhomem et al., (2008) em Hassar orestis e Hassar sp., assim como entre espécies de
Tenellus oriundas da bacia do rio Alto Araguaia (Takagui et al., 2017D).

Em relacdo a distribuicdo dos sitios de DNAr 5S, as espécies de Doradidae,
exibem uma variacdo numérica e também na posicdo onde estdo situados, sendo possivel
identificar padrdes espécie-especificos. Até o momento o DNAr 5S foi mapeado em oito
especies, sendo que o padrdo simples foi detectado em Tenellus leporhinus, Leptodoras
cataniae e Anadoras sp. “araguaia” todas com sitios no brago curto de cromossomos
submetacéntricos, porém de tamanhos distintos. As excecOes a esse padrdo simples foram
descritas em Trachydoras paraguayensis que possui quatro sitios terminais (brago curto e
longo) localizados num mesmo par cromossémico e Rhinodoras dorbignyie, Ossancora
eigenmanni, Platydoras armatulus, Tenellus trimaculatus e Hassar wilderi que exibiram
sitios multiplos de DNAr 5S (Tabela 1), de modo que cada espécie exibiu um padrdo
particular, o que credencia esse marcador citogenético como uma eficiente ferramenta para
estudos taxonémicos.

As informacdes relativas a quantidade e localizacdo de heterocromatina sdo ainda
preliminares, tornando praticamente impossivel definir qual seria o padrdo ancestral de
Doradidae. Contudo é notavel a ocorréncia de uma variabilidade em relacdo a maneira como

as regides heterocromaticas se dispersaram pelo genoma das espécies dessa familia,



46

possibilitando definir pelo menos quatro padrées diferenciados tanto pela quantidade, quanto
pela localizagdo. Alguns espécies exibem pouca heterocromatina, como é o caso de Anadoras
sp. “araguaia”, Rhinodoras dorbignyi (Baumgartner et al., 2018), Platydoras costatus
(Milhomem et al., 2008) e P. granulosus (Takagui et al., 2017b), que exibiram blocos de
heterocromatina apenas em alguns centrémeros e e coincidentes com as RONS.

No entanto tem sido mais comum relatos de espécies com um alto conteldo
heterocromatico, com muitos blocos, situados principalmente em regides terminais no brago
curto. Esse padrdo, parece ser uma caracteristica comum, principalmente em espécies de
Doradinae situadas em posi¢des mais apicais como € o caso de Tenellus ternetzi, Hassar
orestis (Milhomem et al., 2008), Hassar wilderi (Eler et al., 2007), Tenellus trimaculatus,
Tenellus leporhinus, Leptodoras cataniae e Ossancora punctata (Takagui et al., 2017a;
2017b). De fato os elementos repetitivos que constituem regides heterocromaticas exibem
uma acentuado dinamismo no que diz respeito a sua organizagdo gendémica em diferentes
peixes neotropicais, e isso se deve a sua rapida taxa de evolucdo que pode gerar alteracfes
cromossOmicas detectaveis até mesmo entre espécies que divergiram recentemente (Hughes
& Hawley, 2009). Sendo assim, juntamente com o DNAr 5S, a distribuicdo das regides
heterocromaticas s@o excelentes marcadores citotaxondmicos para espécies de Doradidae.

Ainda como parte do espectro de variagdo cariotipica recém descrita para
Doradidae, estdo os polimorfismos relacionados a presenca de cromossomos supranumerarios
em Ossancora punctata, Pterodoras granulosus e Platydoras armatulus. Em todos os casos
foram descritos microcromossomos originados como resquicios de rearranjos cromossémicos
e exibindo baixa frequencia em células mitoticas e segregacao meiotica tardia (Takagui et al.,
2017a). Assim como um intrigante sistema de cromossomos sexuais ZZ/ZW em Tenellus
trimaculatus hipotéticamente originado a partir de eventos de amplificagdo de elementos

heterocromaticos seguidos de inversdes paracéntricas (Takagui et al., 2017b).
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As informag0es citogenéticas disponiveis para a familia Doradidae estao restritas
basicamente & determinacdo do numero dipldide, férmulas cariotipicas e bandamentos
cromossOmicos convencionais (impregnacdo por nitrato de prata e bandamento C). A
hibridizacdo in situ para 0 mapeamento fisico de genes ribossémicos 18S e 5S foi realizada
em poucas espécies, e isso evidencia a necessidade de ampliar o conhecimento a cerca da
organizacao e distribuicdo dessa importante familia de DNA repetitivo, que juntamente com
outras classes (genes de histonas, telomeros, transposons, entre outros) podem contribuir com
informacdes de grande importancia para a compreensdo dos processos evolutivos que

tornaram esses peixes um grupo tdo diversificado.
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Tabela 1 — Dados citogenéticos disponiveis para a Familia Dordadidae, baseada somente em Artigos Originais.

GENERA/ SPECIES 2n  KARYOTYPIC FORMULAE Ag-NORs 18S rDNA 5S rDNA REFERENCES
Subfamily Wertheimerinae
Wertheimeria maculata 58 24m+14sm+8st+12a Pair 20 (p arm) - - Eler et al. (2007)
Subfamily Astrodoradinae
Anadoras sp. “araguaia” 56 24m+10sm+8st+14a Pair 28 (q arm) Pair 28 (q arm) Pair 15 Baumgértner et al. (2018)
Subfamily Doradinae
Platydoras cf. costatus 58 26m+16sm+4st+2a Pair 20 (p arm) - - Milhomem et al. (2008)
Platydoras armatulus 58 22m+14sm+18st+4a - - - Takagui et al. (2017a)
Platydoras armatulus 58 24m+14sm+20st Pair 25 (p arm) Pair 25 (p arm) Pairs 18, 25 Baumgértner et al. (2018)
Pterodoras granulosus 58 16m +16sm+14st+12a - - - Takagui et al. (2017a)
Oxydoras niger 58 20m+16sm+8st+14a Pair 15 (p arm) - - Fenocchio etal. (1993)
Rhinodoras dorbignyi 58 20m+20sm+4st+14a Pair 16 (p arm) - - Fenocchio et al. (1993)
Rhinodoras dorbignyi 58 18m+16sm+12st+12a Pair sm (p arm) - - Fenocchio etal. (1993)
Rhinodoras dorbignyi 58 24m+12sm+12st+10a Pair 24 (p arm) Pair 24 (p arm) 1;;2:526 Baumgartner et al. (2018)
Ossancora punctata 66 12m+8sm+6st+40a - - - Takagui et al. (2017a)
Ossancora eingenmanni 58 30m+14sm+14st Pair 17 (p arm) Pair 17 Peii7r?2130, Baumgértner et al. (2018)
Trachydoras paraguayensis 56 32m+20sm-+4st sm Pair - - Fenocchio et al. (1993)
Trachydoras paraguayensis 56 36m+16sm-+4st Pair 11 (Interstitial) Pair 11 (Interstitial) Pair 22  Baumgartner et al. (2016)
Tenellus leporhinus 58 36m+18sm-+4st Pair 23 (q arm) Pair 23 Pair 10  Takagui et al. (2017b)
Tenellus trimaculatus Q 21m+18sm+12st+7a . . . .
Z2iZW) 58 2 20m+18sm+12st+8a Pair 22 (p arm) Pair 22 (p arm) Four sites Takagui et al. (2017b)
Tenellus ternetzi 58 44m+12sm+2 a Pair 24 (q arm) - - Milhomem et al. (2008)
Hassar orestis 58 32m+20sm+6a Pair 22 (p arm) - - Milhomem et al. (2008)
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Hassar cf. orestis 58 32m+18sm+8a Pair 20 (p arm) - - Milhomem et al. (2008)
Hassar wilderi 58 32m+16sm+10a Pair 25 (p arm) - - Eler et al. (2007)
Hassar wilderi 58 26m+20sm+12st Pair 28 (p arm) Pair 28 (p arm) Four sites Takagui et al. (2017b)
Hassar sp. 58 42m+14sm+2a Pair 7 (p arm) - - Milhomem et al. (2008)
Leptodoras cataniae 58 24m+16sm+14st+4a Pair 23 (p arm) Pair 23 (p arm) Four sites Takagui et al. (2017b)

Legenda: 2n= numero dipldide; m=metacentrico; sm= submetacentrico; st=subtelocentrico; a=acrocentrico; Ag-NORs= Regibes Organizadoras
de Nucléolos detectadas por nitrato de prata; rDNA= Acido desoxiribonucleico Ribossémico; p arm= braco curto; q arm= brago longo.
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2.10 DNA barcoding em peixes: énfase em grupos dulcicolas neotropicais.

Em Genética da Conservacdo, a resolugdo de incertezas taxondmicas €
imprescindivel para delinear unidades de manejo e elaborar estratégias de preservacdo. Na
maior parte dos organismos, isso tem sido solucionado por meio da taxonomia tradicional que
delimita as espécies considerando apenas as variages de caracteres morfologicos e padrdes
de distribuicdo geografica. Entretanto essa abordagem nem sempre é eficaz, principalmente na
identificacdo de grupos proximamente relacionados (especiacdo recente) ou aqueles que séo
morfologicamente indistinguiveis, sendo entdo denominados de espécies cripticas (Frankham,
2009). Segundo Bickford et al. (2006) as espécies cripticas sdo unidades taxondmicas
independentes que por serem morfologicamente semelhantes, sdo consideradas a mesma
espécie, mas possuem isolamento reprodutivo e podem ser facilmente distinguidas a partir de

andlises genéticas.

Diante dessa problematica, os marcadores moleculares surgem como ferramentas
de grande valor para a taxonomia, visto que permitem avaliar as relacGes entre diferentes
taxons assim como lanca pistas sobre sua historia evolutiva. Dentre esses marcadores, 0 DNA
barcoding, que se baseia na variacdo observada em um curto segmento de 648 nucleotideos da
extremidade 5’ do gene mitocondrial que codifica a subunidade | da enzima Citocromo
Oxidase C, é atualmente o mais utilizado para identificar grupos com problemas taxonémicos.
A escolha desse componente do genoma mitocondrial em detrimento a qualquer outra regido
génica do DNA nuclear ndo foi arbitraria, e teve relagdo direta com pelo menos quatro
fatores: (1) heranga uniparental na maioria dos filos animais; (I1) elevada taxa de Evolucéo;

(111) auséncia de introns; (IV) nimero elevado de copias por célula (Hebert et al., 2003).

Em peixes, existem poucos estudos visando identificacdo molecular via DNA
barcoding, dentre os quais se destacam: (1) Ward et al. (2005) que analisaram 207 espécies de

peixes marinhos da costa australiana discriminando todas elas; (2) Hubert et al. (2008) que
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numa amostragem de 190 espécies de peixes provenientes de rios canadenses conseguiram
discriminar corretamente 93% do total analisado; (3) Valdez-Moreno et al. (2009) que
avaliaram 61 espécies dulcicolas oriundas do México e Guatemala, dentre as quais 93% foram
distinguidas; (4) Lara et al. (2010) que identificaram via barcode 96% das 27 espécies de
peixes de agua doce originarios de Cuba; (5) Pereira et al. (2011) que ao investigar 231
espécies neotropicais da bacia do Alto rio Parana conseguiram caracterizar 99,2% do total
amostrado; por fim (6) Waugh (2007) elaborou uma revisdo abordando questdes relacionadas
ao potencial e eficadcia do DNA barcoding, nesse estudo foi constatado que para mais de 95%
das espécies analisadas a técnica proporcionou grau elevado de resolucdo taxondmica,

principalmente em complexos de espécies cripticas.

Dentre os peixes dulcicolas neotropicais as analises citogenéticas revelaram nos
ultimos anos varios complexos de espécies, sendo que em alguns deles 0 DNA barcoding teve
um papel crucial para esclarecer as relagdes taxondmicas. Um bom exemplo disso € a traira
Hoplias malabaricus, um complexo de espécies caracterizado por apresentar acentuada
variagdo cromossOmica, sendo reportado a existéncia de oito cariomorfos denominados
A,B,C,D,E,F,G e H que por vezes ocorrem em simpatria (Bertollo et al. 2000; Vitorino et al.
2011). Marques et al. (2013) analisaram sete popula¢@es dessa espécie provenientes do baixo
rio Amazonas sendo todas portadoras do cariotipo C (2n=40/ 20m + 20sm), nesse estudo o
DNA barcoding revelou seis haplogrupos com grande divergéncia interpopulacional. Tais
resultados indicam que a variabilidade do grupo H. malabaricus encontra-se subestimada,
visto que em um unico cariomorfo (nesse caso o C) foram encontradas diferentes linhagens

que provavelmente sdo novas espécies.

Claro (2013) analisou quatro populacdes de Eigenmannia provenientes da bacia
hidrografica Alto Parand, situadas no estado de S&8o Paulo. Analises citogenéticas

evidenciaram a existéncia de cinco cariomorfos: 2n=36 (Santa Albertina), 2n=31/32 X1X2Y
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(Botucatu), 2n=38 XY (Sao Miguel Arcanjo), 2n=38 e 2n=28 (simpatria no rio Araras). Nesse
estudo o DNA barcoding propiciou a separacao entre todos esses cariomorfos, sendo que a
menor distancia genética foi observada entre os individuos portadores de 2n=38 e 2n=38 XY,
indicando um processo de especiacdo recente. Além disso, esses resultados sugerem uma
revisdo taxonémica para o género Eigenmannia, pois a cada vez mais evidente que na regido
superior do rio Parana existe pelo menos cinco espécies com caracteristicas cromossémicas e

moleculares distintas.

Utsonomia et al. (2014), utilizaram procedimentos citogenéticos e moleculares
visando determinar a delimitacdo de espécies, bem como, inferir sobre os eventos que
promoveram diversificacdo cariotipica em populagdes do complexo Synbranchius
marmoratus (mussum). Os autores encontraram diferentes caritipos (2n=42, 2n=44 e 2n=46)
e variagdes microestruturais principalmente no padrdo de DNAr 5S. Adicionalmente trés
genes mitocondriais foram empregados, incluindo o DNA barcoding, revelando taxas de
divergéncias nucleotidicas significativas entre os cariomorfos. Tais resultados sugerem que
rearranjos cromossdmicos ocorreram independentemente nas distintas linhagens de S.
marmoratus, resultando no surgimento de variantes cariotipicas de forma ndo linear em

relacdo aos numeros dipléides e os haplétipos observados apds anélise do gene COI 1.

Maia (2014) testou a eficiéncia do DNA barcode para identificacdo de 94 espécies
da subfamilia Corydoradinae (Callichthyidae), incluindo grupos com alta complexidade
taxonémica como é o caso de Corydoras aeneus e Corydoras nattereri. Os resultados
evidenciaram que para 85% das espécies o DNA barcode foi eficiente, mesmo que tais
especies tenham exibido baixas distancias genéticas (cerca de 30 vezes menor que a distancia
interespecifica congenérica). As demais espécies exibiram valores de divergéncia menor que
2% o que reflete uma grande similaridade morfologica e consequente dificuldade na

identificacdo por métodos taxonémicos tradicionais.
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Na familia Doradidae, o DNA barcoding foi utilizado somente por Arce et al.
(2014). Nesse estudo os autores aplicaram esse marcador juntamente com outros genes
mitocondriais (DNAr 12S e 16S) e o gene nuclear RAG 1, com intuito de propor uma
hipotese filogenética para o grupo, ou seja, o foco central do trabalho ndo foi esclarecer
possiveis conflitos taxondmicos, como na maioria dos estudos onde o DNA barcode €
aplicado, mas sim, investigar as relacdes entre todos os géneros da familia Doradidae, bem
como espécies de Auchenipteridae e Aspredinidae que foram consideradas grupos irmaos.
Esse trabalho foi muito importante ndo sé por se tratar de uma filogenia molecular, mas
também pelo fato de que uma grande parte das espécies dessa familia ja possui suas
sequencias barcode depositadas no banco de dados, sendo assim, isso pode facilitar a
realizacdo de trabalhos futuros, que visam esclarecer os conflitos taxondmicos existentes em

alguns clados de Doradidae.
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3. OBJETIVOS

3.1. GERAL

Investigar a estrutura cariotipica de espécies de Doradidae e 0s processos
evolutivos responsaveis por sua variabilidade. Assim como, aplicar o DNA barcoding
associado a metodologias classicas de inferéncias filogenéticas e algoritimos de delimitacao
de espécies visando identificar caracteres diagnosticos para esclarecer as relagdes entre grupos

taxonomicamente complexos ou portadores de diversidade criptica.

3.2. ESPECIFICOS:

1. Investigar as relacdes e a variabilidade cariotipica de W. maculata, K. bahiensis e F.
marmoratus, visando compreender a diversificacdo cromossémica dessas espécies baseada
nos processos geomorfoldgicos que ocorreram na bacia do rio Sdo Francisco e drenagens

costeiras do Leste.

2. Determinar o status taxondémico de Anadoras sp. “araguaia” ¢ de populagdes de Anadoras
weddellii de diferentes bacias hidrograficas, utilizando marcadores citogenéticos combinados

a analises filogenéticas e algoritimos de delimitacdo de espécies baseados no DNA Barcoding.

3. Caracterizar o cariotipo de 9 espécies de Doradidae visando produzir dados de valor
citotaxondémico e principalmente que possibilite inferir tendéncias evolutivas a partir da

reconstrugéo de caracteres ancestrais utilizando o software Mesquite.
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4. MATERIAL E METODOS

4.1 Espécies/Populactes analisadas e seus respectivos Locais de coleta

No presente estudo foram analizadas 15 espécies de peixes da Familia Doradidae
(Siluriformes) provenientes de 7 sistemas hidrograficos brasileiros:  Subfamilia
Wertheimerinae - Franciscodoras marmoratus, Kalyptodoras bahiensis e Wertheimeria
maculata; Subfamilia Astrodoradinae - Anadoras grypus, Anadoras weddellii, Anadoras sp.
“araguaia”, Astrodoras asterifrons, Amblydoras nheco, Amblydoras affinis; Subfamilia
Doradinae - Platydoras hancockii, Pterodoras granulosus, Trachydoras steindachneri,

Oxydoras niger, Centrodoras brachiatus, Hemidoras stenopeltis (Fig. 9)

A coleta dos espécimes foi autorizada pelo ICMBIo (Instituto Chico Mendes de
Conservacdo da Biodiversidade), seguindo a Licenca N° 11399-1, utilizando tarrafas, rede de
espera, peneiras e rede de arrasto. Os peixes foram acondicionados em aquario bem aerado e
eutanasiados de acordo com os principios bioéticos. Apds o processamento do material e
posterior fixagdo, os exemplares foram devidamente identificados utilizando as chaves de
identificacdo construidas por Birindelli (2014) e Sousa (2010) e depositados em colec¢des
ictiolégicas como: Museu de Zoologia da Universidade Estadual (MZUEL), Museu de
Zoologia da Universidade de S&o Paulo (MZUSP) e no Museu de Zoologia da Universidade

Estadual Feira de Santana (MZUEFS).
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Figura 8 - Mapa evidenciando os Locais onde foram coletados os especimens analisados no presente estudo,
com destaque as Bacias hidrogréficas a qual pertencem.
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SUBFAMILY WERTHEIMERINAE

S 1

Figura 9- Especies analisadas no presente estudo: [a] Franciscodoras marmoratus [b] Kalyptodoras bahiensis
[c] Wertheimeria maculata [d]Anadoras grypus [e] Anadoras weddellii [f] Anadoras sp. “araguaia” [g]
Astrodoras asterifrons [h] Amblydoras nheco [i] Amblydoras affinis [j] Platydoras hancockie [I] Pterodoras
granulosus [m] Trachydoras steindachneri [n] Oxydoras niger [0] Centrodoras brachiatus [p] Tenellus ternetzi
[g] Hemidoras stenopeltis [r] Ossancora punctata. FONTES: Sousa (2010); José Olivan Birindelli (arquivo
pessoal); Queiroz et al. (2013) Capitulo 3 do livro Peixes do Rio Madeira.



Tabela 2 -.Informac6es sobre as espécies, Local de coleta e Vouchers em ColecGes Ictioldgicas.
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ESPECIES N°® AMOSTRAL LOCAIS DE COLETA COORDENADAS VOUCHERS
Wertheimeria maculata 5 fémeas e 2 machos Rio Pardo — Bacia Costeira Atlantico Sul Leste  S15°31°16.45”/W41°31°07.24” MZUEL16473
Kalyptodoras bahiensis 3 fémeas e 2 machos Rio Paraguacu - Bacia Costeira Atlantico Sul S12°45'52.7"/\W40°19'38.2" MZFS17668
Leste
Franciscodoras marmoratus 9 fémeas e 9 machos Rio S&o Francisco — Bacia do rio So Francisco  S18°12°32.007/W45°15°41.24” MZUSP842240
Anadoras weddellii 4 fémeas e 5 machos Rio Miranda — Bacia do rio Paraguai 19°3124.96"S 57°02'25.51"W MZUEL11085
2 femeas Rio Cuiaba — Bacia do rio Paraguai 16°12°46.12”S 55°59°09.05°W
Anadoras sp. “araguaia” 5 fémeas e 3 machos Lagoa marginal Corrego do Medo — Bacia do 3°07°06,6" S 50°26°55,9”°W MZUSP110809
Alto rio Araguaia
Anadoras grypus 3 fémeas e 2 machos Lago Cataldo — Bacia do rio Amazonas 3°09'49.8"S 59°54'47.5"W MZUEL17811
Astrodoras asterifrons 2 fémeas e 2 machos Rio Solimdes — Bacia do rio Amazonas 0°58°31.68°’S 62°55°40.79"W MZUEL17813
Amblydoras affinis 1 fémea Rio Tapajos — Bacia do rio Amazonas 2°45°50.70°°S55°05°08.93°W MZUEL17801
1 macho e 5 sexo ndo definido Rio Guama — Bacia Costeira Atlantico Sul 1°37°32.93°°S47°51°32.32”°W MZUEL19440
Norte
Amblydoras nheco 4 sexo ndo definido Lagoa marginal do rio Cuiab4 — Bacia do rio 16°12°46.12”S 55°59°09.05°W
Paraguai
Platydoras hancockii 3 machos Rio Solimdes — Bacia do rio Amazonas 0°58°31.68°’S 62°55°40.79”°W MZUEL17318
Centrodoras brachiatus 2 fémeas Rio Negro — Bacia do rio Amazonas 3°14°28.32°’S59°56°29.19”°W MZUEL17831
Pterodoras granulosus 8 machos e 2 fémeas Rio Solimdes — Bacia do rio Amazonas 3°14°28.32°’S59°56°29.19”°W
Oxydoras niger 6 fémeas Lago Cataldo — Bacia do rio Amazonas 3°09'49.8"S 59°54'47.5"W MZUEL17317
Ossancora punctata 3 machos Rio Solimdes — Bacia do rio Amazonas 3°14°28.32°’°S59°56°29.19°W MZUEL17810
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Trachydoras steindachneri 5 fémeas e 1 macho Rio Solimdes — Bacia do rio Amazonas 3°14°28.32°’S59°56°29.19”"W MZUEL17802
Hemidoras stenopeltis 3 fémeas e 2 machos Rio Solimdes — Bacia do rio Amazonas 0°58°31.68°’S 62°55°40.79°W MZUEL17807
Tenellus ternetzi 2 fémeas e 1 macho Rio Solimdes — Bacia do rio Amazonas 0°58°31.68°’S 62°55°40.79”°W MZUEL14432

Legenda: [S]= Sul; [W]=0este; [MZUEL]= Museu de Zoologia da Universidade Estadual de Londrina; [MZUSP]=Museu de Zoologia da
Universidade de Séo Paulo; [MZFS]=Museu Zoologia da Universidade Estadual de Feira de Santana.
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Metodologia
4.2 Analises Citogenéticas

Obtenc¢do de cromossomos mitéticos

Com o intuito de elevar a quantidade de células renais em divisdo mitotica, em
todos os exemplares de pequeno porte foi injetada intra-abdominalmente 0,4 mL de solugéo
de Bronko-vaxon (Lisado bacteriano liofilizado diluido em agua destilada) de acordo com
Molina et al., (2010). Esse procedimento de estimulacdo mitética foi realizado 48 horas antes
da eutandsia dos exemplares. Feito isso, 0s cromossomos metafasicos foram obtidos
utilizando-se a tradicional metodologia proposta por Bertollo et al., (1978), que consiste
resumidamente em aplicacdo de solugédo de colchicina (0,0125%) in vivo; hipotonizacdo das
células com KCI (0,075M) e sucessivas lavagens utilizando o fixador Carnoy (metanol 3: 1
acido acético).

Nas espécies de grande porte, a obtencdo dos cromossomos seguiu a metodologia
proposta por Foresti et al., (1993). Nesse procedimento o sangue periférico da veia caudal é
coletado utilizando-se seringas esterilizadas. O sangue passa entdo por um periodo de
decantacdo que permite separar os linfocitos dos demais componentes sanguineos (hemacias e
plasma) que posteriormente sdo colocados em meio de cultura suplementado com soro bovino
fetal, antibioticos e antimicéticos (componentes que garantem a proliferacdo celular em um
ambiente estéril e com 6timas condi¢des de pH e nutrientes). A cultura permaneceu em estufa
BOD a 28 —30 °C por 72 horas, sendo que 3 horas antes foi adicionada solucao de colchicina
(0,0125%) e depois processada de acordo com os passos utilizados no método direto.

A coloracdo convencionalmente utilizada para visualizacdo dos cromossomos é
baseada no corante Giemsa, dissolvido em tampéo fosfato pH=6,8 em uma concentracdo de

5%. Apos coloracdo, as laminas foram analisadas em microscopio Optico de campo claro,
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sendo que apos a contagem de 30 metafases por exemplar, o numero dipldide e o cariotipo

foram determinados e os cromossomos classificados de acordo com Levan et al., (1964).

Bandamentos cromossdmicos

Foram utilizadas trés técnicas de bandamento cromossémico: Bandamento C: um
tratamento acido (15 minutos em HCI 0,2M & temperatura ambiente), basico (1 minuto e 10
segundos e 30 minutos em solucdo de Ba(OH)25% a 60 °C) e salino (em solucdo salina de
citrato de sddio, 2xSSC a 60 °C) que promove alteragdes na estrutura cromossémica que
possibilitam a visualizagdo das regies heterocromaticas que devido asua maior compactacao
sd80 mais resistentes 4 acdo desses componentes (Sumner, 1972). Na etapa de coloracdo, 0
Giemsa foi substituido pelo fluorocromo lodeto de Propidium de acordo com Lui et al.
(2012).

Impregnacgéo pelo nitrato de prata (Howell & Black, 1980): com intuito de
identificar as regiGes organizadoras de nucléolos por meio de sua atividade transcricional que
apos a interfase deixa resquicios de proteinas acidicas em sitios especificos que, quando em
contato com o nitrato de prata, exibem uma colora¢do mais escura o que possibilita identifica-

las nos cromossomos metafasicos.

Hibridizacdo Fluorescente in situ (FISH)

A FISH foi realizada de acordo com Pinkel et al., (1986), para determinar a
localizacdo dos sitios de rDNA, retrotransposons Rex3 e sitios teloméricos. As sondas de
rDNA foram obtidas a partir de Mini-Prep (extracdo de DNA plasmidial), sendo que a sonda
de DNAr 18S foi obtida de Prochilodus argenteus (Hatanaka & Galetti, 2004) e a de DNAr

5S de Megaleporinus elongatus (Martins & Galetti, 1999). A sonda telomérica (TTAGGG)n
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foi preparada usando PCR na ausencia de DNA molde, seguindo as recomendacfes sugeridas
por ljdo etal., (1991).

O retrotransposon Rex3 foi isolado a partir do DNA gendmico total extraido de
tecido muscular de W. maculata de acordo com o metodo de fenol-cloroformio descrito por
Almeida et al. (2001). A reacdo em cadeia de polimerase (PCR) foi utilizada para amplificar o
Rex3 usando os primers RTX3-F3 (5’-CGG TGAYAA AGG GCA GCC CTG-3’) e RTX3-
R3 (5’-TGGCAG ACN GGG GTG GTG GT-3’) numa reagdo com volume final igual a 25 pL
contendo: DNA gendmico (200 ng), 10x tam&o com cloreto de magnésio (1.5 mM), Tag DNA
polymerase (5 U/uL), dNTPs (1 mM), primers (5 mM), e agua Milli-Q. As condicdes do ciclo
de amplificacdo incluiram os seguintes passos: 95°C por 5 min; 35 ciclo de 95°C por 1 min,
55°C por 40 s, e 72°C por 2 min; e uma extensao final de 72°C a 5 min. Os produtos de PCR
foram analisados usando gel de electroforese a 1%, quantificado em espectrofotémetro
NanoVue Plus (GE Healthcare).

As sondas de DNAr e retrotransposon Rex3, foram marcadas com Kits de nick
translation (Roche®) seguindo as recomendacbes do fabricante e utilizando os compostos:
biotin-16-dUTP e digoxigenina-11-dUTP. Enquanto que as sondas teloméricas foram
marcadas por PCR usando digoxigenin-11-dUTP. As Hibridizacdes foram realizadas sob alta
estringéncia (77%) exceto para mapear as sondas teloméricas onde foi utilizada uma FISH
com baixa estringéncia, em torno de 52%. Os sinais fluorescentes foram detectados por anti-
digoxigenin-rhodamine (Roche) e biotinylated anti-avidin (Sigma-Aldrich). Para analise no
fotomicroscopio de epifluorescéncia, os cromossomos foram corados com o fluorocromo 4°,
6-diamino-2-phenylindole (DAPI, 50pg/ml).

A Hibridizagéo fluorescente in situ de alta resolucéo (Fiber-FISH) foi realizada de

acordo com os procedimentos descritos em Barros et al, (2011), com intuito de determinar a
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organizacdo gendmica dos sitios de DNAr 18S e 5S que em algumas espécies encontram-se

em sintenia.

Construcéo de Ideogramas e Dendograma de Similaridade baseado em caracteres
citogenéticos

Os ideogramas foram construidos utilizando o programa Easydeo para uma
melhor representacdo de como os marcadores cromossémicos encontram-se distribuidos no
cariotipo das espéecies. No artigo 2, referente as espécies de Anadoras, a analise dos
ideogramas possibilitaram elaborar uma matrix de auséncia e presenca, baseada em 25
caracteres incluindo dados sobre: nimero diploide, morfologia cromossdmica e distribuicdo
de heterocromatina e dos sitios de DNAr 18S e 5S. Essa matrix serviu como base para uma
analise de clusters no programa Past, considerando o modelo de distancia Euclidiana e tendo

como base o estudo feito por Tenorio et al., (2013).

Reconstrucdo de Caracteres ancestrais por meio do programa Mesquite

Para inferir qual seria o namero dipl6ide e o padrdo de NORs ancestral de
Doradidae, o programa Mesquite foi utilizado (Maddison & Maddison 2011). Para esse tipo
de analise evolutiva, foi incorporada a filogenia molecular de Doradidae (andlise de
Verossimilhanca) e dois grupos externos pertencentes a Auchenipteridae: Trachelyopterus
galeatus e Ageneiosus inermis (Arce et al., 2013). Os dados citogenéticos disponiveis na
literatura, particularmente referente ao nimero dipléide e as NORs (Impregnacgéo por nitrato
de prata e FISH com sondas de DNAr 18S) foram utilizadas para criar uma matriz que
posteriormente foi compilada com os dados filogenéticos utilizando uma analise de
Verossimilhanca. Os valores probabilisticos que suportam o carater ancestral hipotético de

cada no6 foram organizados em tabelas.
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4.3 Analises moleculares

Extracdo de DNA total e Amplificacdo da regido de interesse

Amostras de DNA genémico foram obtidas a partir de porcdes de tecido muscular
ou hepatico fixadas em etanol absoluto, utilizando o protocolo descrito por Almeida et al.,
(2001). Em seguida, as amostras de DNA foram coradas com azul de bromofenol e GelRed
(Biotium) na proporc¢éo de 3:1 e submetidas a eletroforese em gel de agarose 1%, a 110V por
45 minutos. As bandas de DNA foram visualizadas e fotodocumentadas com o sistema de
captura L-P1X (Loccus Biotecnologia) sob luz UV para avaliagcdo qualitativa e quantitativa do

DNA extraido.

O fragmento do gene mitocondrial Citocromo Oxidase subunidade | foi
amplificado por reacad em cadeia da polimerase (PCR) usando os primers: FishF1 (5'-
TCAACCAACCACAAAGACATTGGCAC-3") e FishR1 (5'-
TAGACTTCTGGGTGGCCAAAGAATCA-3") (Ward et al. 2005). Cada PCR teve um
volume final de 10pl contendo:1 pl de DNA molde [5ng/ ml], 0.2 pl de cada primer [20 pm],
5 pl de master mix e 3.6 pul de agua deionizada. Os ciclos de amplificagdo compreenderam em
35 ciclos de: 1 minuto & 94°C, 30 segundos a 54°C e 1.5 minutos & 72 °C; extensdo final

durante 5 minutos a 72°C e um periodo de resfriamento a 4°C.

Uma parte dos produtos de PCR foi corada com 3 ul de azul de bromofenol: Gel
Red (Biotium) (3:1), inserida em gel de agarose 1% e submetida a eletroforese a 90 V por 15
minutos. As bandas referentes ao fragmento de COI (em torno de 600 pb) foram visualizadas
e fotodocumentadas com o sistema de captura L-PIX (Loccus Biotecnologia) sob luz UV

(Figura 10).
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Anadoras grypus Anadoras weddeellii Anadoras sp. “araguaia”

3 4 5 6 7 8 9 1011 12 13 14

Figura 10 -Gel de Agarose 1% apos eletroforese evidenciando as bandas de aproximadamente 600pb contendo
os fragmentos do gene COI das trés espécies de Anadoras.

Para a reacdo de sequenciamento, foi utilizado o kit “Big Dye Sequence
Terminator” kit (Applied Biosystems), de acordo com os parametros descrito pelo fabricante.
As condicGes de amplificacdo cosnsistiram de: 25 ciclos a 96°C por 30 segundos; 15
segundos a 50°C e 4 minutos a 60°C. Apds a reagdo os produtos foram precipitados e
purificados e a leitura dos fragmentos foi realizada por meio sequenciador ABI PRISM 3100

Genetic Analyzer da Applied Biosystems/ HITACHI.

Alinhamento das sequéncias, analises filogenéticas e algoritimos de delimitacdo de
espécies.

Um total de 16 sequéncias parciais do gene COIl (Forward) foram analisadas,
incluindo 11 novas sequéncias: uma de Anadoras sp. “araguaia”, cinco de Anadoras grypus e
cinco de Anadoras weddellii. Outras sequéncias foram obtidas do Genebank: A. weddellii
(KC555592), Anadoras grypus (KC555591), W. maculata (KC555709) e uma sequéncia de
Platydoras armatulus (GBGCAB8981-15) foi obtida do BOLD (Barcode of Life Data System).
W. maculata e P. armatulus foram considerados grupos externos. O dataset com 604 pb foi

alinhado no programa BioEdit Sequence Alignment Editor 7.1.9. (Hall, 1999) usando a
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ferramenta Clustal W. No programa MEGA v. 6 program (Tamura et al., 2011) as sequencias
foram traduzidas gerando matrizes de distancia genetica intra/interespecificas além de
também construir a arvore de Neighbor Joining (NJ) baseada no modelo de substituicdo
nucleotidica Kimura-2-Parametros (K2P) (Kimura, 1980) e 1000 replicatas de bootstrap.

Para verificar os agrupamentos entre sequéncias e seu grau de confiabilidade
foram realizadas reconstrucdes filogenéticas por meio de inferéncia Bayesiana e Maxima
Verossimilhanga nos software Mr. Bayes 3.2.6 (Ronquist & Huelsenbeck 2003) e RAXML-
HPC BlackBox 8.2.10, respectivamente. Para a reconstru¢do da Bl foram utilizadas duas
séries independentes com 4 cadeias Markov e 10.000.000 geracdes, com 10% de burn-in. e
modelo de evolucdo nucleotidica HKI+I obtido no jModelTest v2.1.6 (Darriba et al., 2012)
conforme implementado no CIPRES Science Gateway 3.3
(http://www.phylo.org/index.php/portal/). O desempenho dessa andlise foi verificado no
programa Tracer v. 1.6 (Rambaut et al., 2013). As arvores geradas foram editadas nos
programas FigTree v.1.4.2 (Rambaut, 2014) e Adobe Photoshop CC v.14.0 para a construcao
de uma arvore resumo.

Os codigos de barras obtidos no presente estudo foram submetidos a anélise de
algoritmos para identificacdo de potenciais novas espécies. Para o Automatic Barcode Gap
Discover (ABGD) (Puillandre et al., 2012) foi utilizado como arquivo de entrada uma matriz
de distancia par a par, obtida no MEGA v. 6 (Tamura et al., 2011), em uma plataforma on-line
gratuita (http://wwwabi.snv.jussieu.fr/public/abgd/). Para a utilizacdo dos demais algoritmos
foi utilizado um subconjunto dos dados contento uma sequéncia para cada haplétipos. Como
arquivo de entrada para os algoritmos Bayesian Poisson Tree Process (bPTP) (Zhang et al.,
2013) e Phylogenetic Map PTP (PhyloMap) (Zhang et al., 2011), foi utilizado uma arvore
filogenética de maxima verossimilhanca construida no RAXML-HPC BlackBox 8.2.10,

implementado no CIPRES. O primeiro acrescenta aos ramos da arvore de entrada valores de
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suporte de inferéncia Bayesiana, tornando o resultado ainda mais confidvel, enquanto que o
segundo combina a analise do PTP (Processos de Poisson Tree) com Anélise de
Coordenadas Principais (PCoA) e discriminando espécies a partir de uma arvore filogenética

enraizada. Ambos estdo disponiveis na plataforma gratuita https://species.h-its.org/.

Para os algoritmos mPTP e sPTP também foi utilizada como input uma arvore de
ML. Na primeira analise é incorporado diferentes niveis de diversidade genética
intraespecifica, derivados de diferencas na historia evolutiva ou na amostragem, enquanto que

no segundo assume-se um unico valor (p=0,001) como limiar da diversidade genética.
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Abstract

The Brazilian eastern coastal drainages and Sdo Francisco River are home of a peculiar
ichthyofauna characterized by a high level of endemism, including species threatened of
extinction; thus, any type of study that aims to characterize the morphological and genetic
biodiversity of this region is relevant. Therefore, a comparative cytogenetic analysis was
performed in Wertheimeria maculata, Franciscodoras marmoratus and Kalyptodoras
bahiensis (endangered species), aiming to understand cytotaxonomic aspects, karyotypic
variability and how geomorphological changes may have influenced in chromosome
speciation.  All  species shared 2n=58 chromosomes, karyotypic  formulas
(24m+12sm+8st+14a) and pattern of NORs (terminal 18S rDNA sites on pair 22). However,
differences were noted in C-banding and in distribution of the 5S rDNA and Rex3
retrotransposons sites. The chromosome markers applied here, provided support for the
inclusion of F. marmoratus in the Wertheimerinae subfamily, closely related to K. bahiensis,
as has already been proposed by molecular phylogenetic studies. The basal cytogenetics
characteristics (2n=58 and simple NORs on terminal position) remain conserved in
Wertheimerinae but changes in heterochromatin distribution were observed and constitute
evidences of allopatric speciation. In fact, river captures events are reported in setentrional
and north portion of Espinhaco Complex and were crucial for karyotype evolution of this
subfamily. Our results represent one more evidence supporting the ancient connectivity
between eastern coastal drainages and S&o Francisco River which were important events for
chromosome differentiation in the basal thorny catfishes of the Wertheimerinae subfamily.

Keys-words: Evolution, Heterochromatin, Karyotypes, rDNA, River capture, Vicariance.
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Introduction

The Brazilian eastern Atlantic basin is a biodiversity hotspot of fishes, with more
than 190 species described for this region; among them, a considerable portion is endemic
(Ribeiro, 2006). This watershed is composed by twenty-five independent drainages
(geographically isolated), including large rivers, as Paraguacu, Contas, Jequitinhonha and
Doce, as well as small hydrographic systems (Pardo, Una, Mucuri and S&o Mateus) (Camelier
& Zanata 2015). The current ichthyofauna described for these hydrographic basin is
originating from a complex process influenced by exchanges between adjacent upland
crystalline shield rivers, such as S&o Francisco (Buckup et al., 2011; Camelier & Zanata 2015;
Ribeiro, 2006; Rosa et al., 2004), associated with the sea level changes (marine transgressions
and regressions) that occurred during the Late Pleistocene (Weitzman et al. 1988).

The complex geological history associated with the high number of endemic fish
species of the eastern coastal basin has made of this drainage an excellent model for
biogeographic studies. According to Ribeiro (2006), an interesting feature observed in this
hydrographic basin is the presence of ancient lineages of some widespread fish families
(Pattern A), as Wertheimerinae subfamily, a basal taxa and sister group of remaining
Doradidae species. The thorny catfishes underwent a long evolutionary history and nowadays
represent one of the most diverse groups in Trans/Cis-Andean South America rivers
(Birindelli, 2014) with more than 95 species (Fricke, Eschemeyer & Fong 2018) popularly
known as thorny catfishes, serrate, armado, rique-rique, abotoado. They are easily recognized
by the presence of a single or multiple row of scutes with thorns along the lateral line. This
family includes species with economic and biological importance, spread throughout the
largest hydrographic basins in Brazil; however, they are commonly found in Amazon and

Platina Rivers (Ferraris, 2007).
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Recently, Birindelli (2014) organized Doradidae into three subfamilies:
Whertheimerinae, Astrodoradinae and Doradinae. Whertheimerinae was considered as a basal
clade of Doradidae and it includes only two monotypic taxa from Brazilian eastern coastal
drainages: Wertheimeria maculata, endemic species of Jequitinhonha and Pardo Rivers, and
Kalyptodoras bahiensis, endemic from Paraguagu River. This last species is included in the
Red List of endangered species, due to the impacts caused by construction of hydroelectric
dams, water pollution, devastation of riparian vegetation and introduction of invasive species
(Higuchi et al.,1990). Molecular phylogenetic analysis suggests the inclusion of
Franciscodoras marmoratus (endemic species from Séo Francisco River) in Wertheimerinae
as a sister species of K. bahiensis (Arce et al., 2013), in opposition to the morphological data
that consider F. marmoratus incertae sedis in Doradidae (Birindelli, 2014).

The chromosome data has been an informative tool to contribute to this
phylogenetic incongruence. In many groups of plants and animals, the citotaxonomic studies
has been fundamental for the identification and classification of species, as well as for
understanding the phylogenetic conflicts that are essential for evolutionary studies (Resende,
2017). In thorny catfishes, the diploid number ranges from 2n=56 in Trachydoras
paraguayensis and Anadoras sp. “araguaia” to 2n=66 in Ossancora punctata, but most of the
species has 58 chromosomes. The presence of ZZ/ZW sex chromosome system,
supernumerary chromosomes and high divergence in both heterochromatin and rDNA
distributions reinforce the karyotypic diversity of Doradidae and suggest the occurrence of
numeric and structural chromosome rearrangements (Fenocchio et al. 1992; Eler et al. 2007;
Milhomem et al. 2008; Baumgartner et al. 2016; Baumgértner et al., 2018; Takagui et al.,
2017a; Takagui et al., 2017b).

The variation in the amount and distribution of heterochromatin is certainly the

main mechanism related to the karyotypic diversification of Doradidae (Baumgartner et al.,
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2018; Takagui et al., 2017b). A remarkable feature of heterochromatin is the heterogeneous
composition and its rapid rates of change throughout evolution (Hughes & Hawley 2009).
Therefore, it might not be surprising if differences in heterochromatic sequences were
responsible for reproductive isolation and played a role in speciation process (Ferree &
Bardash, 2009). The transposable elements (TES) represent a significant portion of the
repetitive DNAs in genome of teleostean fishes. These sequences show intragenomic mobility
and are related to the diversity of the genome size and the accentuated structure
reorganization observed in these primitive lineage of Vertebrata (\Volff et al., 2003; Volff et
al., 2005).

Considering the potential of karyotypic data to help the establishment of
evolutionary relationships among different organisms, the present study provides a
comparative analysis using chromosomal markers in W. maculata, K. bahiensis and F.
marmoratus, investigating through cytogenetic analysis if F. marmoratus should be included
in Wertheimerinae, as suggested by molecular data, which diverges from data based on
morphology. It is noteworthy that, these three monotypic taxa are the oldest divergent
lineages and consequently the sister group of all remaining Doradidae species, thus their
karyotypic structure has a high value for the comprehension of the evolutionary history of

thorny catfishes.
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Material and Methods
Species and collection sites

Altogether, 39 specimens of thorny catfish were analyzed: W. maculata (5
females/2 males) collected from Middle Pardo River, Minas Gerais State - Brazil
(S15°31°16.45”/W41°31°07.24”); K. bahiensis (3 females/2 males) from Middle Paraguacu
River, Bahia State - Brazil (S12°45'52.7"/W40°19'38.2") and F. marmoratus (9 females/9
males) from the Upper S8 Francisco River, Minas Gerais State - Brazil
(S18°12°32.00”/W45°15°41.24”) (Figure 1). The capture of specimens was authorized by
Brazilian environmental agency ICMBIO/SISBIO (License number 1947869) and after
processing and subsequent fixation, all specimens were deposited in ichthyological
collections under the voucher numbers: W. maculata in the Museum of Zoology of State
University Londrina (MZUEL16473); K. bahiensis in the Museum of Zoology of State
University Feira de Santana (MZFS17668) and F. marmoratus in the Museum of Zoology of
Sao Paulo University (MZUSP842240).

The experiments followed ethical conducts in accordance with the Ethics
Committee for Animal Use of the State University of Londrina, under the protocol number

60/2017.
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Figure 1. Topographic map showing the S&o Francisco basin and the Brazilian eastern
coastal drainages. The circles indicate the collection sites of W. maculata from Pardo River
(red circle), K. bahiensis from Paraguagu River (pink circle) and F. marmoratus from S&o
Francisco River (yellow circles). The Espinhaco Complex is highlighted between these two
hydrographical basins and its geomorphological transformations at over the thousands years
influenced the current ichthyofaunistic composition of these adjacent watershed. The red
squares are indicating regions where headwater stream-captures have already been recorded.

Mitotic chromosomes preparations and chromosomal banding

Before undergoing euthanasia (48 hours), the specimens received an
intraperitoneal injection of 300 uL of Broncho-vaxom (bacterial lysate) to trigger an
inflammatory process and hence increase the number of renal cells in mitotic division (Molina
et al., 2010). The mitotic chromosomes were obtained from kidney cells according to Bertolo
et al., (1978). The heterochromatin pattern was determined using the C-banding technique
proposed by Sumner (1972) with modification in the coloration (Giemsa were replaced by

propidium iodide) according to Lui et al. (2012).
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The chromosomes were measured using the Easyideo software and classified in
metacentric, submetacentric, subtelocentric and acrocentric according to the arm ratio

proposed by Levan et al. (1964).

Fluorescent in situ hybridization (FISH)

The fluorescent in situ hybridization (FISH) was performed according to Pinkel et
al. (1986), with modification in chromosome denaturation step (the formamide was replaced
by sodium hydroxide) (Margarido & Moreira-Filho 2008), for mapping of the rDNA and
retrotransposon Rex3. The 18S rDNA probes were obtained from Prochilodus argenteus
(Hatanaka & Galetti 2004) and labeled with biotin-14-dATP using a Biotin-Nick Translation
Mix kit (Roche), whereas the 5S rDNA probe was isolated from Megaleporinus elongatus
(Martins & Galetti 1999) and labeled with digoxigenin-11-dUTP using a DIG-Nick
Translation Mix kit (Roche), according to manufacturer’s instructions.

The Rex3 retrotransposon probe was obtained from total DNA, extracted from
muscle tissue of W. maculata according to phenol chloroform method described by Almeida
et al. (2001). Polymerase chain reaction (PCR) was carried out using primers RTX3-F3 (5’-
CGG TGAYAA AGG GCA GCC CTG-3’) and RTX3-R3 (5’-TGGCAG ACN GGG GTG
GTG GT-3’) for Rex3 and in a reaction with final volume of 25 pL containing genomic DNA
(200 ng), 10x buffer with 1.5 mM magnesium, Taq DNA polymerase (5 U/uL), dNTPs (1
mM), primers (5 mM), and Milli-Q water. The cycling condition for the reactions included the
following steps: 95°C for 5 min; 35 cycles of 95°C for 1 min, 55°C for 40 s, and 72°C for 2
min; and a final extension at 72°C for 5 min. The PCR products were analyzed using
electrophoresis in 1% agarose gels, quantified in a spectrophotometer NanoVue Plus (GE
Healthcare) and labeled with digoxigenin-11-dUTP using a DIG-Nick Translation Mix kit

(Roche) according to manufacturer’s instructions.
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Hybridizations were carried out under high stringency (77%) and the detection of
signals was performed using anti-digoxigenin-rhodamine (Roche) for 5S rDNA and Rex3
retrotransposon probes, while the avidin-FITC with biotinylated anti-avidin for detection of
18S rDNA sites (Sigma-Aldrich). The slides were assembled in 20 pL antifading solution
(90% glycerol, 2.3% DABCO, 2% 20 mM Tris—HCI, pH 8.0, plus 5 pL of 2 pg/mL DAPI and
5 puL of 25 mM MgCl,) and they were analyzed on Leica DM 2000 epifluorescent
microscope equipped with digital camera Moticam Pro 282B. All the chromosome images

were obtained using the Motic Images Advanced software, version 3.2.

Similarity dendrogram using Cytogenetic data

A binary matrix was constructed based on cytogenetic data of W. maculata, K.
bahiensis, F. marmoratus and two outgroups: Platydoras armaulus and Anadoras sp.
“araguaia” (Baumgértner et al. 2018). Altogether, 40 characters were determined, based on
the diploid number, chromosome morphology, heterochromatin distribution and 18S and 5S
rDNA pattern (Table 1). This matrix was then used to calculate the Euclidean distance index
and for cluster analysis based on the UPGMA algorithm, both avaliable on the PAST

software.

Results

All species had 2n=58 chromosomes, karyotype formula: 24m + 12sm + 8st + 14a
(for both sexes) and syntenic 18S and 5S rDNA sites on short arm of pair 22 (Figure 2). The
C-banding pattern allowed to easily distinguish the three species, according to the following:

Wertheimeria maculata: heterochromatic regions detected terminally on both arms of the
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metacentric chromosomes pair 4 and on the short arm of the pairs 16, 17 and 22 (Figure 2b);
Kalyptodoras bahiensis: interstitial blocks on pair 2, two terminal blocks on both arms of the
pair 4 and on the short arm of the pairs 19 and 22. The pair 13 had heterochromatin on short
arm and in interstitial position the long arm near the centromere (Figure 2d); Franciscodoras
marmoratus: terminal blocks on both arms of the pair 4, on short arm of the pairs 15, 16, 22
and on long arm of the pairs 10, 13. Interstitials/pericentromeric blocks were detected on the
pairs 1, 5, 6, 14 and 19. The subtelocentric pair 19 had heterochromatin on short arm and a
large block in terminal region on long arm (Figure 2f). The 5S rDNA pattern has also allowed
to discriminated W. maculata (interstitial sites on short arm of pair 22) from K. bahiensis and
F. marmoratus (multiple sites: interstitial on short arm of pair 22 and terminal on short arm of
pair 19) (Figure 2, in box).

FISH with Rex3 retrotransposon revealed a dispersal distribution of this element
in most of the chromosomes, including both heterochromatic and euchromatic segments.
However, some heterochromatic regions did not have homology for this repetitive element
(Figure 3, boxes).

The cluster analysis based on chromosomal data enabled the construction of the
similarity dendrogram shown in Figure 4. This analysis reveals a greater karyotype similarity
between F. marmoratus with K. bahiensis and W. maculata when compared with the outgroup

species.
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Figure 2. Karyotypes of Wertheimerinae species evidenced the conservation of diploid
numbers and Kkaryotypic formulae in contrast with divergences in heterochromatin
distribution: W. maculata (a) Giemsa staining (b) C-banding; K. bahiensis (c) Giemsa staining
(d) C-banding; F. marmoratus (e) Giemsa staining (f) C-banding. The boxes contain the
chromosome pairs bearing the 18S (green signals) and 5S (red/pink signals) rDNA sites.
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Cband Rex3

Cband Rex3

Figure 3. Metaphasis of Wertheimerinae species after FISH with Rex3 retrotransposon (a) W.
maculata (b) K. bahiensis (c) F. marmoratus. The arrows indicate the pair bearing the NORs
bearing chromosomes which in both species shows homology to the Rex3 retrotransposon.
The boxes show some pairs with heterochromatic blocks with partial overlap with Rex3
retrotransposon, suggesting the existence of the other repetitive DNAS types in these sites.
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Figure 4. Similarity dendrogram based on Euclydean distances constructed from 40
cytogenetic characters of Wertheimerinae species and two outgroups: Anadoras sp.
“araguaia” and Platydoras armatulus.

Discussion

Cytotaxonomy and chromosome evolution of Whertheimerinae: low variation in

macrostructure in contrast with dynamic patterns of repetitive DNAs

The first step for evolutionary studies was to solve eventual phylogenetic
incongruences; in Whertheimerinae, for example, although the morphological and molecular
data support the monophyletic status, there is no consensus between these two approaches
regarding the inclusion of F. marmoratus in this subfamily (e.g., Arce et al., 2013; Birindelli,
2014). In these sense, the similarity dendrogram based on Euclidean distance index,
evidenced a greater proximity between F. marmoratus and Wertheimerinae species when
compared to the outgroup members, revealing several shared cytogenetic features, including
the same diploid number, karyotipic formulae and syntenic rDNAs on short arm of pair 22.

Thus, the chromosomal analysis corroborates the phylogenetic hypothesis based on molecular
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markers proposed by Arce et al. (2013) wich considered F. marmoratus a member of
Wertheimerinae subfamily.

Karyotypic studies constitute an important source of information for evolutionary
studies in Neotropical fishes, since the chromosome rearrangements are frequently associated
to the diversification in different groups. Considering the evolutionary perspective, the most
probable ancestor karyotype of Doradidae has 58 chromosomes and terminal NORs in only
one chromosome pair (Eler et al. 2007; Takagui et al. 2017a; Takagui et al. 2017b;
Baumgértner et al., 2018). These features remain conserved within the members of
Auchenipteridae, which is the sister group of Doradidae (Lui et al. 2009; 2010; 2013a; 2013b;
2015) and in all species of Whertheimerinae subfamily (Eler et al. 2007; Present study). In the
other thorny catfishes, this hypothetically ancestral pattern occurs in most species already
karyotyped, but exceptions were described in T. paraguayensis and Anadoras sp. “araguaia”,
which have 2n=56 originated from centric fusions (Baumgartner et al., 2018) and the in O.
punctata with a karyotype composed by 66 chromosomes merged due to centric fissions
(Takagui et al. 2017a).

Wertheimerinae species here analyzed had syntenic rDNA, this unusual condition
has already been observed in P. armatulus, R. dorbignyi and Ossancora eignemanni
(Baumgartner et al., 2018), being that in the six species the synteny was observed in a small
subtelocentric pair and that can be considered a homeologue chromosome. According to
Martins & Galetti Jr. (2001), the presence of ribosomal genes in different chromosomes pairs
is the most common arrangement in fish. In Siluriformes, the syntenic rDNA is seldom
described in different groups, but in some families, as in Tricomycteridae and Loricariidae,
the synteny is considered a primitive condition (Ziemniczak et al., 2012).

Despite the low variation in diploid number and chromosome morphology, the C-

banding pattern is divergent among species of Wertheimerinae. The differential
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heterochromatin dispersion is certainly the main mechanism related to the karyotypic
diversification of Whertheimerinae species; thus, it is possible to identify at least three events
of great importance for this process: (1) increase of heterochromatin (W. maculata had few
blocks, followed by K. bahiensis and F. marmoratus); (2) transposition or translocation of 5S
rDNA segments from pair 22 to the short arm of the pair 19, giving rise to the multiple system
shared by K. bahiensis and F. marmoratus; (3) a second event of heterochromatin
amplification, which has increased and reorganized the repetitive DNAs in F. marmoratus.

Two groups of TEs are the most studied among Siluriformes: TC1-mariner
(Gouveia et al., 2017) and Rex retrotransposable elements (elements of Class | that transpose
via RNA intermediate), both exhibited a dispersal pattern and can be found in euchromatic
and mainly in heterochromatic regions (Ferreira, 2011; Sczepanski et al., 2013). In the present
study, FISH evidenced Rex3 retrotransposon sites disperse in many chromosomes of
Whertheimerinae species and suggests that this repetitive element played a key role in the
increase and reorganization of heterochromatin observed between these two species.
However, not all heterochromatin exhibited homology with this element. In K. bahiensis, the
chromosomes 4 and 13, exhibited only a small portion of the blocks constituted by Rex3,
which leads us to believe that other types of repetitive sequences are present and contributed
to the karyotype evolution of this group.

Retrotransposons can be inserted into any genomic region; however, in several
Neotropical fishes, these elements have been mainly found in association with the rDNA sites
(Borba et al., 2013; Gouveia et al., 2017; Schneider et al., 2013; Sczepanski et al., 2013). In
Wertheimerinae, for example, Rex3 was detected in synteny with rDNA sites on short arm of
pair 22. Thus, it is possible that Rex3 retrotransposon has acted as a scattering agent of rDNA
5S sequences, contributing to the origin of the multiple condition, which is an important

cytotaxonomic feature, shared between K. bahiensis and F. marmoratus. However, in order to



95

better understand the origin of this multiple condition, it is necessary to characterize the
rDNA 5S sequence. This region usually presents different repetitive DNA types
(microsatellites, LINES, SINES, TC1-mariner) in its NTS (Gouveia et al., 2017), as well
Rex3, and they may also facilitate the displacement of these sites, either by transposition or

facilitating non-reciprocal translocations during the interphase.

The role of vicariant events and headwaters stream-captures in chromosome speciation
of Wertheimerinae

According to Ribeiro (2006), the current ichthyofaunistic composition of the
Brazilian coastal basin reflects the interaction between two factors: (i) vicariant events linked
to sea level fluctuations (transgressions/regressions) occurred in the last Pleistocene and (ii)
headwaters stream-captures, which allowed the exchange of the ichthyofauna between the Séo
Francisco River with the eastern coastal basin. In fact, the Wertheimerinae species are
geographically isolated; even so, W. maculata and K. bahiensis occur in the same watersheds,
these two species are separated by four intermediate hydrographical basins: Contas,
Cachoeira, Almada and Una (Figure 1), and members of this subfamily was reported in none
of them (Camelier et al., 2015). The populations of F. marmoratus are isolated from the
others species, due to the presence of the Espinhaco complex, a vast mountain chain that
along the 1,000 km separates the the Sdo Francisco River basin from the eastern coastal basin
(Buckup, 2011).

The geographical distribution associated to the karyotypic divergences in
heterochromatin and 5S rDNA observed among W. maculata, K. bahiensis and F.
marmoratus are evidences that support the hypothesis of allopatric speciation. Indeed, the
diversification of many species of the Brazilian eastern coastal drainage occurred by

successive vicariant process (Ribeiro, 2006). The relatively small areal extent of river basins,
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combined with expansions and contractions due to Pleistocene shoreline fluctuations, may
have acted in concert to elevate speciation and extinction rates in this region (Beheregaray et
al., 2002).

Thus, it can be assumed that the ancestor, through which the present
Wertheimerinae diversified at a given time, was widely distributed in this coastal basin;
however, successive marine transgressions promoted its fragmentation and originated isolated
populations. Faced with this geographic isolation, the populations underwent different
evolutionary mechanisms, and in most of the coastal microbasins they were extinct, remaining
only in the Jequitinhonha - Pardo Rivers (which during the Pleistocene were still connected)
and Paraguagu. Favorable environmental conditions for development and due to different
selective pressures allowed the accumulation of genetic and morphological divergences,
which contributed to the speciation between W. maculata and K. bahiensis. Considering the
greater karyotype similarity between K. bahiensis and F. marmoratus, it is probable that
headwater stream-captures occurs between Paraguacu and Itapicuru or Vaza-Barris Rivers
that are ancient tributaries of the S&o Francisco River (Costa, 2001), which allowed the

ancestor of these two species to expand their territory towards the S&o Francisco River.,

Final Remarks

Cytogenetic data reinforce the inclusion of F. marmoratus in Wertheimerinae and
clearly established the strong relationship of this species with K. bahiensis. The three species
have 58 chromosomes 24m + 12sm + 8st + 14a and syntenic rDNAs on pair 22, while the
heterochromatin pattern exhibited an intense reorganization associated with the saltatory

activity of transposable elements, so that retrotransposon Rex3 probably plays an important
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role. These chromosomal changes clearly demonstrate an allopatric speciation process, being
that the three species occurring in non-overlapping geographical areas. In fact, some
biogeographic studies show that during different moments, geomorphological alterations
occurred in the Espinhaco Complex that made possible the exchange between the
ichthyofauna of the Sdo Francisco River and the Eastern coastal drainages, so our results

represent another evidence that corroborates this hypothesis.
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Table 1 —Binary characters matrix constructed from cytogenetic markers (chromosome quantity and morphology, heterochromatin distribution
and 18S rDNA and 5S rDNA patterns). These dataset was used to calcule the Euclydean distance index and for construction of the similarity
dendrogram based on and the Paired group (UPGMA) algorithm clustering. (1) Presence (0) Absence.

CHARACTHERS W.MACULATA K.BAHIENSIS F.MARMORATUS P.ARMATULUS ANADORAS
SP.”ARAGUAIA”

58 chromosomes 1 1 1 1 0
56 chromosomes 0 0 0 0 1
24 metacentric chromosomes 1 1 1 1 1
12 submetacentric chromosomes 1 1 1 0 0
8 subtelocentric chromosomes 1 1 1 0 0
14 acrocentric chromosomes 1 1 1 0 1
20 subtelocentric chromosomes 0 0 0 1 0
14 submetacentric chromosomes 0 0 0 1 0
10 submetacentric chromosomes 0 0 0 0 1
Heterochromatic blocks on both arms of pairs 4/5 1 1 1 1 0
Heterochromatic blocks on short arms of pair 16 1 0 0 0 0
Heterochromatic blocks on short arms of pair 17 1 0 0 0 0
Heterochromatic blocks on short arms of pair 22/25 1 1 1 1 0
Interstitial heterochromatic blocks on pair 2 0 1 0 0 0

Heterochromatic blocks on short arms of pair 19 0 1 1 0 0



Heterochromatic blocks on short arm and
Interstitial position on the long arm of pair 13

Heterochromatic blocks on short arms of pair 15
Heterochromatic blocks on long arms of pair 10
Heterochromatic blocks on long arms of pair 13
Interstitial heterochromatin regions on pair 1
Interstitial heterochromatin regions on pair 5
Interstitial heterochromatin regions on pair 6
Interstitial heterochromatin regions on pair 14
Interstitial heterochromatin regions on pair 19
Heterochromatic blocks on long arms of pair 19
Heterochromatin blocks on short arms of pair 18
Heterochromatin blocks on short arms of pair 24
Heterochromatin blocks on short arms of pair 28
Heterochromatin blocks on short arms of pair 29
Interstitial heterochromatin regions on pair 6
Interstitial heterochromatin regions on pair 3

Heterochromatin blocks on short arms of pair 15
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Heterochromatin blocks on short arms of pair 22
(acrocentric)

Heterochromatin blocks on long arms of pair 28
Pericentromeric heterochromatin regions on pair 1

18S rDNA sites in terminal position of short arm of
pair 22/25

18S rDNA sites in terminal position of long arm of
pair 28

5S rDNA sites on short arm of pair 19
(subtelocentric)

5S rDNA sites on short arm of pair 18
(submetacentric)

5S rDNA sites on short arm of pair 15
(submetacentric)

18S and 5S rDNA sites in synteny on short arm of
pair 22/25
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Table 2 — Euclidean distance values among Wertheimerinae species and outgroups.

W. maculata K. bahiensis F. marmoratus P.armatulus Anadoras sp.
“araguaia’
W. maculata 0
K. bahiensis 2,4494897 0
F. marmoratus  3,6055513  3,3166248 0
P. armatulus 3,8729833  4,1231056  4,6904158 0
Anadoras sp. 3,8729833  4,1231056  4,8989795 4,6904158 O

“araguaia”
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Abstract

Anadoras genus is widely distributed throughout the Amazonian and Paraguay river basins,
however only two species are formally recognized: Anadoras grypus and Anadoras weddellii,
which likely reflects an underestimated knowledge regarding the diversity in this group. Here,
we applied an integrative approach, using chromosomal data, DNA barcoding and four
species delimitation algorithms, aiming to investigate the taxonomic status and relationships
for Anadoras species. For that, we performed in Anadoras’ species an extensive chromosomal
characterization using conventional and molecular cytogenetic procedures, which proved to
be efficient only to differentiate A. grypus from their congeners, and similarly to
morphological approaches, few diagnostic characters could be detected between A. weddeelli
and Anadoras sp. “araguaia”. In this sense, the species delimitation algorithms based on DNA
Barcode data successfully identified the existence of three molecular operational taxonomic
units (MOTUs), strongly warranted after Bayesian Inference (BI) and maximum likelihood
(ML) analyzes. These results showed low genetic and karyotypic divergence between A.
weddellii collected in Miranda and Cuiaba rivers; an intrapopulation polymorphism of NOR
sites in A. grypus and confirm that the Anadoras sp. “araguaia” is a valid specie. Our data
encourage the description of these new species and assure the importance of cytogenetic and
DNA barcoding approaches for biodiversity assessment, mainly in endemic regions
threatened by anthropogenic activities, such as the case of Upper Araguaia River.

Key-words: Cytotaxonomy;COl; Karyotypes; Heterochromatin; rDNAS;.
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Introduction

The morphological characters has been a consensus in the choice as taxonomic
criteria for species delimitation for many taxonomists over decades (Higuchi et al., 1992;
Fichberg & Chamon, 2008; Birindelli & Sabaj-Perez, 2011; Jardulli & Shibatta, 2013;
Birindelli, 2014). However, it is worthwhile emphasize that morphological characters,
although useful in many circumstances, they require long time to become stable across
lineages (Dayrat, 2005), then, the taxonomy must be pluralistic and integrative to provide a
real overview regarding the biodiversity (Will et al., 2005; Pante et al., 2015).

Advances in fine-scale molecular and bioinformatic techniques, such as DNA
barcoding have been acting as useful tools in the resolution of taxonomic ambiguities in
several vertebrate groups (Herbert et al., 2003a; 2003b; 2004a; 2004b; Ward et al., 2005;
Piggott et al., 2011; Souza-Shibatta et al., 2013; 2018). For instance, new methodological
tools in DNA barcoding analysis available in online platforms, have been used to ensure data
reliability, such as BINs, ABGD, bPTP and GMYC (Barreto et al., 2015). These methods
usually provide congruent results and are effective in the identification of species, including
fish (Branddo et al, 2016; Souza et al., 2017; Souza-Shibata et al., 2018; Carvalho et al. 2018;
Serrano et al., 2018).

The use of molecular and association whithin cytogenetic tools in an integrative
approach, may provide relevant information regarding the process of species differentiation in
groups with complex and cryptic taxonomy, as already seen in some fish species (Ferreira et
al., 2017; Prizon et al., 2017; Usso et al., 2018). However, the main limitation of this
integrative approach is due the fact that in many fish groups, this kind of information are not
extant and when available limited to few species, as in the case of thorny catfishes of
Doradidae Family. This family comprises 94 recognized species (Froese & Pauly, 2018)

widely distributed throughout South America, being commonly known as armaus, abotoados,
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thorny catfishes, among others. They are easily recognized by the presence of a row of
retracted spines formed from the hypertrophy of the lateral line tubules and by exhibiting a
cephalic shield and well-developed spines in the dorsal and pectoral fins (Ferraris, 2007;
Birindelli, 2014).

The subfamily Astrodoradinae was first proposed by Higuchi et al., (2007) and
later recognized by Sousa, (2010), in a huge taxonomic revision, using morphological
characters and recognizing 21 species distributed in seven genera: Anadoras, Achanthodoras,
Agamyxis, Amblydoras, Scorpiodoras, Hypodoras and Astrodoras. The Anadoras genus show
a wide geographic distribution, however only two species are formally described: Anadoras
grypus Cope 1872 which occurs in the Upper and Middle Amazonas river and Anadoras
weddellii Castelnau, 1855 described for Mamore, Guapore, Madeira, Jari, Oiapoque rivers, in
the Lower Amazonas river, as well as in the Pantanal basin.

A third candidate specie (a set of organisms identified as a putative new species)
occurs in the Upper Araguaia river basin and was provisionally named as Anadoras sp.
“araguaia” (Sousa, 2010; Arce et al., 2013). The Araguaia-Tocantins rivers basin, is one of the
most important brazilian hydrographic systems, which houses a diverse fish fauna closely
related to the Amazon basin, especially in the lower course (Goulding et al., 2003), but also
home to many endemic species, especially in its Upper portion nearly to their waterheads
(Claro & Shibatta, 2013; Jardulli et al., 2014). Additionally, about 80% of this hydrographic
system is located in the Cerrado biome, which although it is considered a biodiversity hotspot,
is one of the 25 most threatened ecosystems on the planet (Mittermeier et al., 1999). In this
sense, the expansion of agricultural frontiers, introduction of exotic species and construction
of hydroelectric dams are the main anthropogenic activities that threaten the itiofaunistic

biodiversity of Araguaia-Tocantins hydrographic basin (Ferreira & Tokarski, 2007).
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As, Anadoras sp. “araguaia”, many other species of Araguaia-Tocantins basin
remains undescribed or with undefined taxonomic status, which makes it difficult to estimate
the biodiversity of this region, as well as to elaborate management strategies and conservation
of this fish fauna (Claro & Shibatta, 2013). Considering the ausence of DNA barcoding data
for Anadoras sp. “araguaia” and their high morphological similarity with A. weddelli, the
present study consists in an comparative analyzis including all Anadoras species, using
cytogenetic markers and species delimitation algorithims. Based in this interative aproach, its
expected to answer the following questions: Anadoras sp. "araguaia” is really a valid species
or simply a interpopulational variation of A. weddellii? Also, are DNA barcoding analysis
together the cytogenetic data efficient in the delimitation of taxonomic units in the Anadoras

genus?

Material and Methods

Species and collection sites

In this study we analyzed A. grypus (3 females and 2 males) from Cataldo Lake,
Manaus City, Amazonas State — Brazil (3°09'49.8"S 59°54'47.5"W) and two populations of A.
weddellii from temporary lagoons of Miranda River (4 females and 5 males), Corumba City,
Mato Grosso do Sul State - Brazil (19°3124.96"S 57°02'25.51"W) and Cuiaba river, Cuiaba,
Mato Grosso State-Brazil (16°12°46.12”S 55°59°09.05°°W). The Anadoras sp. "araguaia” (5
females and 3 males) was collected in a marginal lagoon of Medo stream, a small tributary of
Araguaia River basin, in S&o Miguel do Araguaia City, Goias State, Brazil (3°07°06,6°” S

50°26°55,9°°W) (Fig.1).
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Figure 1 - Topographic map showing the localities where the Anadoras species was collected. Anadora grypus
was collected in Cataldo Lake, in Central Amazon basin (Pink square); Anadoras sp. “araguaia” was collected in
a marginal Lagoon near to Medo stream a small tributarie of Araguaia river (Red square); Anadoras weddellii
was collected in two different points in Paraguay river basin: marginal lagoon of Cuiaba river (Gray square) and
in marginal lagoons of Miranda river (Black square).

The collection of specimens was under authorization of ICMBI0 (Instituto Chico
Mendes de Conservagdo da Biodiversidade). After processing and subsequent fixation of the
material, the specimens were deposited in the Museum of Zoology of the Londrina State
University (MZUEL) under the voucher numbers MZUEL17811 (A. grypus) and
MZUEL11085 (A.weddellii). The Anadoras sp. "araguaia" specimens are deposited in
Museum of Zoology of the Sao Paulo University (MZUSP) under the voucher
MZUSP110809 (Fig.2).

The experiments were performed accordingly to Ethics Committee for Animal

Use of the Londrina State University, under the protocol number 60/2017.
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Figure 2 - Anadoras species here analyzed and the mainly diagnostic morphological features. [A]=A. grypus;
[B]= A. weddeellii; [C]=Anadoras sp. “araguaia”. FONTE: Sousa (2010) unpublished data.

Mitotic chromosomes preparations and chromosomal banding

Chromosome preparations were obtained from kidney cells according to Bertollo

et al., (1978). Previously, a mitotic stimulation with 300uL of Broncho-vaxom (bacterial

lysate 0,2g/ml of water) was performed to initiate an inflammatory process and increase the

number of cells in mitotic division (Molina et al.,

2010). The karyotypic formulae was

determined according to Levan et al., (1964). The heterochromatin pattern was detected using

the protocol described by Sumner, (1972) with a modification in the staining step (Lui et al.,

2012). Impregnation by silver nitrate was also used according to Howell & Black, (1980) by

detected of the nucleolar regions organizer with transcriptionally activity.
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Probes for Fluorescent in situ hybridization (FISH) Experiments

The Fluorescent in situ Hybridization (FISH) was performed according to Pinkel
et al., (1986). The rDNA probes was obtained by Mini-Prep (extraction of plasmidial DNA),
being that 18S rDNA probe from Prochilodus argenteus (Hatanaka & Galetti, 2004) and 5S
rDNA from Megaleporinus elongatus (Martins & Galetti, 1999). The telomeric (TTAGGG)n
probe was prepared by PCR, following ljdo et al., (1991).
The rDNA probes were labelled by nick translation (Roche®) (according to the
manufacturer’s instructions) using biotin-16-dUTP and digoxigenina-11-dUTP. Whereas the
telomeric probes were labeled by PCR using digoxigenin-11-dUTP. Hybridizations were
carried out under high stringency (77%), except for telomeric probes which were mapped by
FISH with low stringency (52%). The detection of the signals were performed using anti-
digoxigenin-rhodamine (Roche) and biotinylated anti-avidin (Sigma-Aldrich). The
chromosomes were counterstained with fluorochrome 4°, 6-diamino-2-phenylindole (DAPI,
50pg/ml).

The high-resolution fluorescence in situ hybridization on stretched DNA (Fiber-
FISH) was performed according to protocol described by Barros et al., (2011), aiming to

thoroughly investigate the organization of syntenic 18S and 5S rDNAs in Anadoras grypus.

Similarity dendrogram using Cytogenetic data

We constructed ideograms and a matrix of presence and absence based on 25
cytogenetics characters including diploid number, chromosome morphology, heterochromatin
distribution and 18S and 5S rDNA pattern (Table 1). This matrix was used for a cluster
analysis using the program Past based on Euclydean distances according to Tenorio et al.,

(2013).
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Extraction of total DNA, amplification and sequencing of Cytochrome Oxidase subunit |
(mtDNA COl) gene

Genomic DNA was extracted from muscle and liver tissue (stored in absolute
ethanol) of Anadoras species, according to phenol-chloroform method described by Almeida
et al., (2001). A fragment of mitochondrial cytochrome C oxidase subunit I (COI) gene was
amplified by polymerase chain reaction (PCR) wusing primers: FishF1 (5'-
TCAACCAACCACAAAGACATTGGCAC-3) and FishR1 (5'-
TAGACTTCTGGGTGGCCAAAGAATCA-3") (Ward et al., 2005). For sequencing reaction,
it was used a “Big Dye Sequence Terminator” kit (Applied Biosystems), following the
manufacturer instructions. The amplification conditions consisted of 25 cycles at 96°C for 30
seconds; 15 seconds at 50°C; and 4 minutes at 60°C. After the reaction, the products were
precipitated and the reading performed using the sequencer model ABI PRISM 3100 Genetic

Analyzer from Applied Biosystems/made by HITACHI.

Sequence Alignment and Phylogenetic Analysis

In this study a total of 16 sequences of COIl gene (Forward) were analyzed,
including 11 new sequences from Anadoras species (Table 2), 3 sequences obtained from
Genebank: A. weddellii (KC555592) from Lower Amazon river, Anadoras grypus
(KC555591), W. maculata (KC555709) from Jequitinhonha river and 1 sequence from
Platydoras armatulus (GBGCA8981-15), obtained from BOLD (Barcode of Life Data
System). W. maculata and P. armatulus were used as outgroups. The dataset with 604pb were
aligned on BioEdit Sequence Alignment Editor 7.1.9. (Hall, 1999) using the Clustal W tool.
In MEGA v. 6 program (Tamura et al., 2011) the sequences were translated generating

intra/interspecific genetic distances matrices, besides the construction of the Neighbor Joining
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(NJ) tree, based on the nucleotide substitution model Kimura-2-Parameters (K2P) (Kimura,
1980) and 1000 bootstrap replicates.

To verify the groupings between sequences and their degree of reliability,
phylogenetic reconstructions were carried out by means of Bayesian inference and Maxime
Likelihood using the software Mr. Bayes 3.2.6 (Ronquist & Huelsenbeck 2003) and RAXML-
HPC BlackBox 8.2.10, respectively. For the reconstruction of Bl, two independent series with
4 chains were used: Markov and 10.000.000 generations, with 10% of burn-in. and nucleotide
evolution model HKI+I obtained in the jModelTest v2.1.6 (Darriba et al. 2012) as
implemented in the CIPRES Science Gateway 3.3 (http://www.phylo.org/index.php/portal/).
These analyzes was verified in the Tracer v. 1.6 (Rambaut et al., 2013). The generated trees
were edited in the FigTree v.1.4.2 (Rambaut, 2014) and in the Adobe Photoshop CC v.14.0
for the construction of a consensus tree.

The bar codes obtained here were submitted to an analysis of algorithms for the
identification of potential species. For the Automatic Barcode Gap Discover (ABGD)
(Puillandre et al., 2012) a matrix of distance pairwise, obtained in the MEGA v. 6 (Tamura et
al., 2011), in a free online platform ( http://wwwabi.snv.jussieu.fr/public/abgd/). For the use
of the other algorithms a subset of the data was constructed, containing one sequence for each
haplotype. As an input file for the Bayesian Poisson Tree Process (bPTP) (Zhang et al., 2013)
and Phylogenetic Map PTP (PhyloMap) algorithms (Zhang et al., 2011), a maximum
likelihood phylogenetic tree was constructed in the RAXML- HPC BlackBox 8.2.10 and
implemented in CIPRES. The first one adds to the branches of the input tree Bayesian
inference support values, making the result even more reliable, while the second combines the
analysis of the PTP (Poisson Tree Processes) with Principal Coordinate Analysis (PCoA) and
discriminating species at from a rooted phylogenetic tree. Both are available on the free

platform https://species.h-its.org/.


https://species.h-its.org/

120

Results
Conventional staining, Chromosome Banding and FISH with rDNA probes

Anadoras weddellii: The diploid number found for this species was equal 56,
distributed in 24m + 10sm + 22st/a for both sexes (Fig.3a). The C-banding technique revealed
heterochromatic blocks on both arms of the pair 2, on short arm of the pair 15, long arm of the
pair 17 and interstitially on the long arm of the pair 28 (Fig.3b). The FISH revealed two sites
of 18S rDNA in terminal position on the long arm of pair 28 and two sites of 5S rDNA on
short arm of pair 15 (Fig.3c).

Anadoras sp. “araguaia”: This species showed 56 chromosomes and the same
karyotypic formulae described for A. weddellii (Fig.3d). The C-banding revealed few
heterochromatic blocks, mainly on the short arms of the pair 15 and 20, as well as in the long
arm of the pair 28 (Fig.3e). The FISH revealed sites of 18S rDNA in terminal position on the
long arm of pair 28 and, sites of 5S rDNA on short arm of pair 15, similar to A. weddellii
(Fig.3f).

Anadoras grypus: All specimens showed 56 chromosomes and karyotypic
formula: 16m + 18sm + 22 st/a for both sexes (Fig. 3g). The C-banding pattern was located
mainly in the terminal position on the long arm of the pairs: 3, 5, 7, 11, 19 and 20; on short
arm of pair 11 and interstitially on the pairs 9 and 13 (Fig. 3h). FISH with rDNA probes
revealed the coexistence of two patterns: (I) two specimens presented three 18S rDNA sites:
two in terminal position coincident with secondary constriction on the short arm of pair 11,
syntenic with interstitial 5S rDNA sites, and in terminal position on the long arm of only one
chromosome from the 28 pair (Fig.3i) (I1) three individuals exhibited only syntenic rDNA

sites corresponding to the pair 11 (Fig.3j).
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On the majority of the metaphases and nucleus was possible to detect the
association between the chromosomes bearing the 18S rDNA sites (Fig. 4a-boxed), and
often, one of the chromosomes of the pair 28, was associated to pair 11 (Fig. 4a). The NORs
mapping revealed transcriptional activity in the three sites involving this region, as attested by
FISH (Fig. 4b). Fiber-FISH with rDNA probes showed an adjacent organization of 18 and 5S
rDNA sites on short arm of pair 11(Fig. 4c) and detected only 18S sites on chromosome 28

(Fig. 4d).

Hybridization in situ Fluorescent (FISH) using Telomeric probes
The mapping of telomeric motifs [TTAGGG]n, evidenced in the three Anadoras
species bright signals on all telomeric regions of the chromosomes and no Interstitial

Telomeric Sites (ITS) (Fig. 4e; Fig. 4f; Fig. 49).

Similarity dendrogram using Cytogenetic data

The cluster analysis based on chromosomal data enabled the construction of the
similarity dendrogram shown in Figure 5. This analysis revealed synapomorphic and
apomorphic features among the Anadoras species here analyzed, evidencing a karyotype

similarity between A. weddellii and Anadoras sp. “araguaia”.
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Figure 3 - Karyotypes of Anadoras species after conventional and molecular cytogentics analyzis: A. weddellii

(a) Giemsa staining (b) C-banding (c) FISH with rDNAs probes; Anadoras sp. “araguaia” (d) Giemsa staining
(e) C-banding (f) FISH with rDNAs probes; A. grypus (g) Giemsa staining (h) C-banding (i) (j) FISH with
rDNAs probes, note the presence of two patterns of rDNAs, named A (only two sites of 18S rDNASs on short arm

of pair 11) and B (Multiple sites of 18S rDNA). The scale bar corresponds at 10 pm.
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Figure 4 — Metaphasis of Anadoras species: (a) after double FISH with 18S (green signals) and 5S (pink
signals) rDNAs probes showing the association between chromomes 11 and 28 in metaphasis and nucleus of
Anadoras grypus (b) after Ag-NORs evidencing transcriptional activity in all NORs sites of Anadoras grypus;
(c) Fiber-FISH with 18S (green) and 5S (red) rDNAs probes shows the adjascent organization on short arm of
pair 11 and (d) the absence of 5S rDNA sites on chromosome 28; FISH with telomeric [TTAGGG]n in

metaphasis of (e) A. weddellii and (f) A.grypus, (g) Anadoras sp. “araguaia”. The scale bar corresponds at 10 pum.



[ 2.] 22 chromosomes subtelocentric

[3]. 5S rDNA sites on short arm of pair 11/15

[4 ]. Terminal 18S rDNA sites on chromosomes 28
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[ 6 ]. Terminal heterochromatin blocks on short arm of pairs 3, 4, 5, 11, 19, 20
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Figure 5 — Similarity dendrogram based on Euclydean distances constructed from 25 cytogenetic characters of

Anadoras species. The colors means:

Green=18S rDNA; Red=5S rDNA; Yellow=Heterochromatin;

Black=Centromeres. The black squares indicates only some cytogenetic characters used for construction of this

dendrogram.
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DNA barcode (mtDNA COl) analyzes

The sequencing of COI gene from eleven Anadoras specimens and four sequences
obtained from Genebank and BOLD systems, generated a dataset composed by 604 bp, where
no deletions, insertions or stop codons were found, which means that this region corresponds
to a functional portion of the COI gene.

The NJ tree as well as the reconstructions based on the MP and Bl analyzes
produced a similar topology, evidencing three clades (Anadoras sp. “araguaia”, Anadoras
weddellii and Anadoras grypus) and two regarding the outgroups (Weithermeria maculata
and Platydoras armatulus), with high support values in at least two of the analyzes (above
90% bootstrap and 0.9 posterior probability) (Fig. 6). These results were corroborated by all
species delimitation algorithms used (ABGD, bPTP, PhyloMap, sPTP).

Among the congeneric species, the intraspecific genetic distance values were
0.4% and 0.5% in A. weddelli and A. grypus, respectively. While the interspecific distance
ranged from 5.37% between Anadoras sp. “araguaia” and A. weddelli, to 6.65% between
Anadoras sp. “araguaia” and A. grypus. The distances between genera ranged from 16.7%
between P. armatulus and W. maculata to 22% between P. armatulus and Anadoras sp.

“araguaia” (Table 3).
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Figure 6 — Consensus tree (NJ neighbor-joining, ML maximum likelihood and Bl Bayesian inference) based on

COl sequences from samples of Anadoras weddelli, A. grypus, Anadoras sp. “araguaia” and related species W.
maculata and P. armatulus. Only bootstrap (NJ, ML) and a posteriori probability (Bl) values above 80% and 0.9,
respectively, are shown on branches. The vertical bars indicate the results from the species delimitation analyses.
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Discussion

At light of the traditional taxonomy, the two Anadoras species formally described:
A. grypus and A. weddelli, can be easily discriminated by external and internal morphological
features. However, few diagnostic characters was identified for validation of Anadoras sp.
“araguaia” , which are morphologically very distinct to A. grypus, but shared many features
with A. weddellii, of which differs only in the number of gill traces and in some osteological
characters (Sousa, 2010) (Fig. 2). The traditional taxonomic aproach, describe new taxa based
only in morphological variations and geographical distribution, these method not always
efficient, (as demonstraded in Anadoras) (Dayrat, 2005; Pante et al., 2015). In these sense,
several kinds of molecular markers, including chromosomes, nuclear and mitochondrial genes
have been associated with morphological data providing a broader understanding of
biodiversity and phylogenetic relationships in different neotropical fishes (Souza-Shibata et
al., 2013; Carvalho et al., 2018; Serrano et al., 2018)

Based on this assumption, the efficiency of two types of molecular markers:
cytogenetic and DNA Barcoding were tested in these work, revealing interesting conclusions
about the diversity and taxonomic status of Anadoras species. Regarding the cytogenetic
aspects, a similarity dendrogram was constructed based in 25 characters and revealed several
features shared by all Anadoras species. It is a consensus that the hypothetical ancestral
karyotype for Doradidae was composed by 2n = 58 chromosomes (Takagui et al. 2017a;
Baumgartner et al. 2018), which suggests that 2n = 56 observed in Anadoras species is likely
product of a derived condition due centric fusions from the common ancestor. According to
Ocalewicz (2013), telomeric sequences in pericentromeric or interstitial regions are potential
vestiges of chromosome fusions, however in the present study, all analyzed species showed

telomeric signals only on terminal regions, without any ITS.
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The other shared characteristics, which in phylogenetic studies are referred to as
synapomorphies, will be better discussed in future works on the chromosomal evolution of
Doradidae. Here, we focused on cytotaxonomic questions and in this sense, what really
matters are the diagnostic characteristics, which distinguish one species from the others, or
also called apomorphy. The heterochromatin pattern proved to be an excellent specific
chromosomal feature, which easily separated all Anadoras species here analyzed, including
Anadoras sp. “araguaia”. The heterochromatic components have heterogeneous composition
and rapid rates of change throughout evolution, promoting detectable chromosomal changes
in species whose diversification occurred recently (Hughes & Hawley, 2009).

In thorny catfishes, the heterochromatin is a strong specie-specific marker, for
example, in four species which also occurs in Araguaia river basin was possible identify
several diagnostic features based on heterochromatin distribution (Takagui et al., 2017Db).
Species of Wertheimerinae subfamily, despite shows the same diploid number and karyotypic
formulae, can be easily discriminated by the C band pattern analyzis (see Chapter 1).
Heterochromatin variations also was detected among populations of Platydoras armatulus
from Middle Paraguay river basin and Lower Parana basin (Takagui et al, 2017a;
Baumgértner et al., 2018). Likewise, a similar scenario was already seen in other neotropical
fish species, where the heterochromatic pattern was an useful tool for identification of cryptic
species (Prizon et al., 2017) or even detecting allopatric speciation (Bitencourt et al., 2011).

The physical mapping of ribosomal sequences, as 18S and 5S, highlighted a
notable similarity between A. weddellii and Anadoras sp. “araguaia”, whose pattern was
similar to those previously described for some Doradidae (Takagui et al., 2017b),
Auchenipteridae (Lui et al., 2009; 2013a; 2013b; 2015) and Aspredinidae species (Ferreira et
al., 2016; 2018), which are recognized to be related groups. However, in A. grypus, the 18S

and 5S rDNAs are syntenic on the short arm of pair 11, an uncommon condition in
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neotropical fishes, but has already been described in other species of thorny catfishes
(Baumgartner et al. 2018). Numerical variation in the NOR pattern in A. grypus was also
observed, such polymorphism had never been reported in Doradidae before, being the first
report of multiple NORs in the family.

The existence of individuals of the same species harboring different NORs
patterns in sympatry, usually is related to be different chromosomal rearrangements, mainly
pericentric inversions and translocations (Mariotto et al., 2006; Porto et al., 2011; Konerat et
al., 2015) and saltatory activity of transposable elements (Porto et al., 2014a; 2014b). In A.
grypus, the probably origin of this numeric variation can be results of non-reciprocal
translocations between terminal segments of the pairs 11 and 28. During the interphase, the
chromosomes are less condensed and occupying specific nuclear domains due to the existent
interactions between telomeres and the nuclear envelope. This conformation, named Rabl’s
model guarantees a close arrangement among non-homologous chromosomes and
consequently promote translocations involving these regions (Cremer et al., 1982; Schweizer
& Loidl, 1987; Cremer & Cremer, 2006). A strong evidence supporting this hypothesis is the
recurrent association of one of the chromosomes of pair 28 with the pair bearing the synthetic
sites of rDNA, such association was also confirmed by the analysis of the interphase nuclei
and for Fiber-FISH which reveals only 18S rDNA sites on chromosome 28, confirming that
the translocation envolving only the terminal segment of the chromosomes 11 and 28.

In this sense, such chromosomal rearrangements seem to have occurred
independently and / or separately in the different lineages of the group, once some of the
results do not support the previously proposed phylogenetic relationships, as observed in A.
grypus. In general, the independent origin of karyotypic differentiation mechanisms produces
autapomorphy, which are unique and efficient characteristics in the diagnosis of the species.

However, the fact that some groups share a conserved pattern for NORs (A. weddellii and
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Anadoras sp. “araguaia”), some divergent patterns (e.g. A. grypus) demonstrate that for
Anadoras, the RONSs are not efficient for this purpose.

The cytogenetic aproach like the morphology as an informative tool for
discriminated only A. grypus of their congeners, being inefficient to detect diagnostic features
that clearly separate A. weddellii e Anadoras sp. “araguaia”. Considering the high
morphological and karyotypic similarity between A. weddellii and Anadoras sp. “araguaia”,
the following question arises: Does Anadoras sp. “araguaia” would really be a valid species?
or simply a variant A. weddelli in initial differentiation process? To fill in this gap, an
molecular analysis using DNA barcode was performed, and confirmed that Anadoras sp.
“araguaia” indeed is a genetically distinct species, as corroborated by the NJ, BI, ML and
delimitation algorithms (ABGD, bPTP, PhyloMap and sPTP).

It is worthwhile highlight that DNA barcode is a precise and comprehensive tool
for species delimitation, assisting in the elucidation of divergent lineages (Hebert et al.,
2003a; 2003b; 2004a; 2004b). This methodology is based on the fact that, in order to
discriminate apparently similar species, intraspecific genetic variation must be significantly
lower than interspecific variation. This lack of overlap between intra and interspecific
variation creates the barcode gap, leading to the distinction of the taxa. Indeed, the intra and
interspecific average distances within Anadoras species was 0,45% and 5,9%, evidencing
clearly a gap, with an interspecific differentiation 13 times greater than the intraspecific
variation.

Moreover, many authors assumed that the threshold of genetic divergence
intraspecific > 2% for marine and freshwater fish represents an evidence of cryptic diversity
in morphologically similar species (Ward et al, 2009; Brandédo et al, 2016; Ribeiro et al.,
2018). In the present study, A. grypus and A. weddellii presented intraspecific distances of

0.5% and 0.4%, respectively, reinforcing that they are divergent species. These results,
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evidenced low interpopulation variability among individuals from Miranda, Cuiaba rivers and
Lowe Amazon river, whereas in A. grypus from Catalao Lake, confirming that the numeric
variation in 18S rDNA is an intrapopulation polymorphism, and not a cryptic species in
sympatry.

Differences in morphological, genetic, chromosomal and ecological characters
arises multiple times along the speciation process, leading to divergent conclusions about
which groups deserve to be recognized as species (De Queiroz, 2007). The set of these
properties forms the so-called Gray Zone, where the alternative concepts of species become
conflicting. In the other hands, the problem is not when the species are well defined but when
the lineages are undergoing for divergence until they become phenotypically distinguishable,
diagnosable, mutually monophyletic, reproductively incompatible, ecologically distinct (see
De Queiroz, 2005; 2007). In this sense, it is possible that populations of A. grypus, although
shows specific cytogenetic differences, have recently diverged and due this reason, not
accumulated morphological and molecular differences to be considered distinct taxonomic
units.

Anadoras is one of the few genera of thorny catfishes that occupy ecosystems
beyond the Amazon basin (Birindelli, 2014). This wide distribution may be associated with
the fact that about 10 million years ago, there was the Pan-Amazon basin that extended to the
northeast region of the current Parana river basin. At different times and mainly due to
tectonic events and the formation of the Andes, this vast system was undergoing changes, so
that previously connected basins became isolated. During a long time, the Amazon basin
remains divided in two macro-regions, isolated by the Purus arch (Hoorn et al., 2010).
However, this geographical barrier was gradually transposed due mainly to the accumulation
of sediments originating from the processes responsible for the Andes Mountains orogenesis.

This process was responsible for the current configuration of the Amazon basin that has most
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of its rivers draining towards the Atlantic Ocean. Contextualizing with our results, the Purus
arch was in the Central Amazon, where there is also the Catalao Lake. This region may have
initially been a major center of exchange between fish fauna previously isolated, such as A.
grypus populations, which although in Cataldo Lake are still the same species, the
chromosomal polymorphism described may be an indication of secondary contact between
populations previously isolated by the Purus arch.

Among the neotropical Siluriformes, the association whithin karyotypes data and
DNA Barcoding, emerge which an important source of information for delimitation of
species in groups with complex taxonomy, cryptic species or understimated diversity. In these
way, we can highlight some studies: (a) the group Bunocephalus coracoideus, a complex of
cryptic species consisting of four well supported Evolutionary Significant Units (ESUS),
under allopatric and sympatric speciation processes in Amazon rivers (Ferreira et al., 2018).
(b) the validation of Rhamdia voulezi and Rhamdia branneri, which for many years were
considered as synonymous junior of Rhamdia quelen (Abucarma & Martins-Santos, 2001;
Garcia et al., 2010; Ribolli et al., 2017). (c) Ancistrus cirrosus has for long been considered
the only species of Ancistrus found in Parana River basin, but by means of cytogenetics
markers and DNA Barcode, Prizon et al., (2017) evidenced five distinct evolutionary lineages
are probably coexisting in these basin.

In the present study, the cytogenetic procedures were efficient only to
discriminated A. grypus to their congeners, while the DNA barcoding recognized three
MOTUs strongly supported by Bl and ML phylogenetic approaches and for species
delimitation algorithms, revealing the non-existence of cryptic diversity among populations of
A. weddellii and sympatric specimens of A. grypus cytogenetically differentiated. Finally,
Anadoras sp. “araguaia” was recognized as a valid species with a high genetic divergence

value in relation to the others. Thus, our data encourage the description of this new species
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and reaffirms the importance of cytogenetic and DNA barcoding for biodiversity assessment,
mainly in endemic regions threatened by anthropogenic activities, as is the case of Upper

Araguaia River.
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Table 1 — Matrix of characters constructed from cytogenetic markers (chromosome quantity and morphology, heterochromatin distribution and

18S rDNA and 5S rDNA patterns). These dataset was used for construction of the similarity dendrogram based on Euclydean distance.

CARACTERES A. grypus A. weddellii Anadoras sp. “araguaia”
Q) 56 chromosomes 1 1 1
2 16 metacentric chromosomes 1 0 0
3) 24 metacentric chromosomes 0 1 1
4 18 submetacentric chromosomes 1 0 0
(5) 10 submetacentric chromosomes 0 1 1
(6) 22 subtelo/acrocentrics chromosomes 1 1 1
@) Terminal heterochromatic block on long arm of pair 3 1 0 0
(8) Terminal heterochromatic block on long arm of pair 5 1 0 0
9) Terminal heterochromatic block on long arm of pair 7 1 0 0
(10)  Terminal heterochromatic block on long arm of pair 11/15 1 1 1
(11)  Terminal heterochromatic block on long arm of pair 16 0 1 0
(12)  Terminal heterochromatic block on long arm of pair 19 1 0 0
(13)  Terminal heterochromatic block on long arm of pair 20 1 0 0
(14)  Terminal heterochromatic block on long arm of pair 28 1 0 1
(15)  Terminal heterochromatic block on short arm of pair 23 0 0 1
(16) Interstittial heterochromatic block on long arm of pair 9 1 0 0
(17)  Interstittial heterochromatic block on long arm of pair 13 1 0 0
(18) Interstittial heterochromatic block on long arm of pair 28 0 1 0
(19)  Terminal heterochromatic blocks in both arms of pair 2 0 1 0
(20)  Two terminal 18S rDNA sites on short arm of pair 11 1 0 0
(21)  Multiple terminal 18S rDNA sites 1 0 0
(22)  Terminal 18S rDNA sites on long arm of pair 28 1 1 1
(23)  Two interstittial 5S rDNA sites on short arm of pair 11 1 0 0
(24)  Two terminal 5S rDNA sites on short arm of pair 15 0 1 1
(25)  Synteny between 18S and 5S rDNAs 1 0 0

Legend: 1= Presence, 2=Absence; Red numbers= cytogenetic features shared between all species.



Table 2 — Colection sites, cytogenetic and morphological identification codes of Anadoras specimens here analyzed.

species Cytogenetic Morphological code Locality
code (voucher specieslink)
Anadoras sp. “araguaia” AART702 MZUSP110809 Upper Araguaia River — Tocantins basin
Anadoras weddellii AWM115 MZUEL11085 Miranda River — Middle Paraguay basin
Anadoras weddellii AWMA4081 MZUEL11085 Miranda River — Middle Paraguay basin
Anadoras weddellii AWM125 MZUEL11085 Miranda River — Middle Paraguay basin
Anadoras weddellii AWC9393 MZUEL11085 Cuiaba River — Upper Paraguay basin
Anadoras weddellii AWC9220 MZUEL11085 Cuiaba River — Upper Paraguay basin
Anadoras grypus AG12340 MZUEL17811 Catalao Lake — Central Amazon basin
Anadoras grypus AG12341 MZUEL17811 Catalao Lake — Central Amazon basin
Anadoras grypus AG12342 MZUEL17811 Catalao Lake — Central Amazon basin
Anadoras grypus AG12343 MZUEL17811 Catalao Lake — Central Amazon basin
Anadoras grypus AG12344 MZUEL17811 Catalao Lake — Central Amazon basin

Legends: MZUSP= S&o Paulo University Museum; MZUEL= Londrina State University Museum; mtDNA= Mitochondrial DNA.
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Table 3 — Kimura’s Two-Parameters Model Genetic Distance among populations of Anadoras grypus, Anadoras weddellii and Anadoras sp.
“araguaia” from different South American hydrographic basins.

Interspecific Genetic Distance Intraespecific Genetic Distance

[ARA] [AGR] [AWD] [WML] [PAR]

Anadoras sp. “araguaia” [ARA]

Anadoras grypus [AGR] 6,3% 0,5%
Anadoras weddellii [AWD] 54% 59% 0,4%
Wertheimeria maculata [WML]* 19,2% 19,9% 21,0%

Platydoras armatulus [PAR]* 22,0% 20,2% 20,3% 16,7%
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Abstract

The thorny catfishes of Family Doradidae is widespread fish group in freshwaters systems of
South America, specially in the Amazon basin, where they play ecologic roles that are
fundamental for the homeostasis of the ecosystem. Cytogenetics studies evidenced that the
2n=58 chromosomes and terminal NORs on short arm are the most commom features in
karyotype of Doradidae, however these data was obtainad for only 15 species among the 95
species described for this family. Thus, in the present study, nine species of thorny catfishes
from different subfamilies was citogenetically analyzed aiming to propose evolutionary
inferences using the Mesquite software to explain the origin of the current karyotype diversity
of Doradidae. A remarkable variation in the diploid number was observed: 2n = 44 in
Amblydoras nheco, 2n = 46 in Amblydoras affinis, 2n = 52 in Astrodoras asterifrons, 2n = 58
in Platydoras hancockii, Pterodoras granulosus, Centrodoras brachiatus, Oxydoras kneri,
Hemidoras stenopeltis and 2n = 60 in Trachydoras steindachneri. Cryptic species were
identified in Amblydoras affinis as well as an unprecedented system of multiple NORs in P.
hancockii. The reconstruction of the ancestral character corroborated previous studies and
estimated 2n=58 chromosomes and simple terminal NORs in the short arm of subtelocentric
as basal, these characteristics remain conserved in different clades of Doradidae, however it
also occurs in derived Kkaryotypes due to chromosomal rearrangements (pericentric
inversations, Fission and Centric Fusion and translocations) and also by the differential
accumulation of heterochromatic.

Keys-words: Karyotypes, heterochromatin, NORs, 5S rDNA.
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Introduction

Within the Neotropical Siluriformes, Doradidae family represents one of the most
diverse groups, with more than 95 species (Eschemeyer and Fong 2018) popularly known as
thorny catfishes, serrate, armado, rique-rique, abotoado. They are easily recognized by the
presence of a single or multiple row of scutes with thorns along the lateral line. This family
includes species with economic and biological importance, spread throughout the largest
hydrographic basins in Brazil, however they are commonly found in Amazon and Platina
rivers (Birindelli 2014, Ferraris 2007). In the laste decade many phylogenetic studies
corroborated the monophyletic status of Doradidae, both molecular (Arce et al. 2013) and
morphological (Birindelli 2014) analyzis classify the thorny catfishes in three subfamilies:
Wertheimerinae, Astrodoradinae and Doradinae.

The history of chromosome analysis in Doradidae can be divided into two
moments. At first, such studies based only on conventional techniques, showed little variation
in the quantity and morphology of the chromosomes, so that most species carried 2n = 58,
being that only Trachydoras paraguayensis Eigenmann & Ward 1907 presented 56
chromosomes (Fenocchio et al. 1993). This low variability sustained for a long time the
hypothesis that these fishes, though widely distributed throughout South America, followed a
conserved karyotype evolution model (Eler et al., 2007, Milhomen et al. 2008). However,
from the studies of Takagui et al. (2017a, 2017b) and Baumgartner et al. (2016, 2018), a
second moment began, evidencing an intense karyotypic variability mainly in the Platina and
Araguaia-Tocantins River basin species. Such studies were very important, since they
overturned the model of conservative chromosome evolution, which until then was proposed
for Doradidae.

In this family, although 2n = 58 chromosomes still remain as a predominant and

hypothetically ancestral trait (Eler et al. 2007, Takagui et al. 2017b), some species exhibit
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variations, mainly at structural level, with karyotypic divergent formulas originated from
pericentric inversions. However, some species also exhibit karyotypes with numerical
alterations due to robertsonian translocations that had both a reduction in the diploid number
for 56 chromosomes in T. paraguayensis and Anadoras sp. "araguaia”, and in the origin of 2n
= 66 described for Ossancora punctata Kner 1853 which to date is the largest diploid number
described for Doradidae (Table 1).

Also as part of the karyotypic variation spectrum just described for Doradidae are
polymorphisms related to the presence of supernumerary chromosomes in O. punctata,
Pterodoras granulosus Valenciennes 1821 and Platydoras armatulus Valenciennes 1840. In
all cases, microchromosomes originated as remnants of chromosomal rearrangements and
exhibited low frequency in mitotic cells and late meiotic segregation (Takagui et al. 2017a).
As well as an intriguing ZZ/ZW sex chromosome system in Tenellus trimaculatus Boulenger
1898, hypothetically originated from amplification of heterochromatic elements followed by
paracentric inversions (Takagui et al. 2017D).

Considering the aforementioned karyotype variations, the present study aims to
evaluate the existence of karyotype patterns in Doradidae, as well as to reconstruct the
ancestral states of the diploid number and NORs, evaluating whether these cytogenetic data
are useful for evolutionary or cytotaxonomic studies. Thus the chromosome data obtained
from the literature together with those of the present study will be discussed in light of a

molecular phylogenetic hypothesis previously proposed by Arce et al. (2013) for the family.



150

Material and Methods
Species and collection sites

Altogether, 47 individuals of 9 thorny catfish species from different hydrographic
basins of Brazil were citogenetically analyzed (Table 2). The capture of specimens was
authorized by ICMBIo0 (Instituto Chico Mendes de Conservagdo da Biodiversidade), and after
processing and subsequent fixation, all specimens were deposited in ichthyological
collections under the voucher numbers avaliable on digital platform specieslink.

The experiments followed ethical conducts in accordance with the Ethics
Committee for Animal Use of the Londrina State University, under the protocol number

60/2017.

Mitotic chromosomes preparations, chromosomal banding and Fluorescent in situ
hybridization (FISH)

Before undergoing euthanasia (48 hours), the specimens received an
intraperitoneal injection of 2ml of Broncho-vaxom (bacterial lysate) to trigger an
inflammatory process and hence increase the number of renal cells in mitotic division (Molina
et al. 2010). The mitotic chromosomes were obtained from kidney cells according to Bertolo
et al. (1978). The heterochromatin pattern was determined using the C-banding technique
proposed by Sumner (1972) with modification in the staining step (Giemsa were replaced by
Propidium iodide) according to Lui et al. (2012).

Fluorescent in situ Hybridization (FISH) was performed according to Pinkel et al.,
(1986). The rDNA probes was obtained by Mini-Prep (extraction of plasmidial DNA), being
that 18S rDNA probe from Prochilodus argenteus Spix & Agassiz, 1829 (Hatanaka and

Galetti 2004) and 5S rDNA from Megaleporinus elongatus Valenciennes, 1850 (Martins and
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Galetti 1999). The telomeric (TTAGGG)n probe was prepared by PCR, following Ijdo et al.
(1991).

The rDNA probes were labelled by nick translation (Roche®) (according to the
manufacturer’s instructions) using biotin-16-dUTP and digoxigenina-11-dUTP. Whereas the
telomeric probes were labeled by PCR using digoxigenin-11-dUTP. Hybridizations were
carried out under high stringency (77%), except for telomeric probes which were mapped by
FISH with low stringency (52%). The detection of the signals were performed using anti-
digoxigenin-rhodamine (Roche) and biotinylated anti-avidin (Sigma-Aldrich). The slides were
assembled in 20 pL antifading solution (90% glycerol, 2.3% DABCO, 2% 20 mM Tris—HCI,
pH 8.0, plus 5 uL of 2 pg/mL DAPI and 5 pL of 2.5 mM MgCl,) and they were analyzed on
Leica DM 2000 epifluorescent microscope equipped with digital camera Moticam Pro 282B.
All the chromosome images were acquired using the Motic Images Advanced software,
version 3.2,

The karyotypes were previously constructed in Adobe Photoshop program and
after edition, the Easyideo software v. 3.0 (Diniz & Xavier, 2006), it was used to determine
the chromosome morphology considering the arm ratio proposed by Levan et al. (1964). The
chromosomes were measured and classified as metacentric, submetacentric, acrocentric and
telocentric (some modifications in this nomenclature was adopted: the telocentric are

considered as acrocentric).

Reconstruction of ancestral characters using the Mesquite software

For reconstruction of the ancestral chromosome numbers (2n) and NORs patterns,
we used the Mesquite software (Maddison and Maddison 2011). For these evolutionary
analyses, we incorporated the molecular species-level phylogeny of the Doradidae family and

two outgroups belonging the Auchenipteridae (sister group), Trachelyopterus galeatus and
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Ageneiosus inermis (Arce et al. 2013). The ancestral state was inferred using Max Likelihood
analysis and the Markov model 1 state (Mk1), which considers that all changes are equally
likely.

The cytogenetic data used in the reconstruction were obtained from the literature
(Table 1) along with those of the present study. The characters were treated as non-ordered
and multi-staked, with seven states being considered for the diploid number (2n=44; 2n=46;
2n=52; 2n=56; 2n=58; 2n=60; 2n=66) and ten states for the RONs named: [A] Terminal
NORs on short arm of subtelocentric chromosome; [B] Interstitial NORs on p arm of
submetacentric chromosome; [C] Terminal NORs on q arm of acrocentric chromosome; [D]
Terminal NORs on p arm of acrocentric chromosome; [E] Interstitial NORs on g arm of
metacentric chromosome; [F] Terminal NORs on g arm of submetacentric chromosome; [G]
Multiple sites in submetacentric and acrocentric chromosomes; [H] Terminal NORs on p arm
of submetacentric chromosome; [I] Multiple sites in terminal position on p arm of subtelo-
acrodentric chromosomes; [J] Terminal NORs on g arm of subtelocentric chromosomes.The
probable ancestor character was determined for each node, and the probabilistic values are

organized in Table 3 and Table 4.

Results
Subfamily Astrodoradinae

Amblydoras nheco Higuchi 2007: shows 2n=44 chromosomes (18m + 18sm +
8st-a). The heterochromatic blocks was detected only in some pericentromeric regions, in
both arms of pair 5 and in short arm of pair 19 (coincident with secondary constriction). The
rDNA sites was mapped by FISH in synteny on short arm of pair 19, being the 5S rDNA

interstittial and the 18S rDNA in terminal position (Fig.1).
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Amblydoras affinis Kner, 1855 (Tapajods river): the specimen exibithed 2n=46
chromosomes (20m + 14sm + 12st-a). C banding detected heterochromatin regions in
terminal position on long arm of pairs 1, 21 and 23; on short arm of pairs 18 (coincident with
heteromorphic secondary constriction) and 19 and in pericentromeric regions of pairs 6 and 8.
FISH with rDNAs reveals 18S rDNA sites on short arm of pair 18 and 5S rDNA sites on short
arm of pair 19, both coincident with heterochromatic blocks (Fig.1).

Amblydoras affinis (Guama river): the diploid number found for all individuals
was 46 chromosomes (16m + 10sm + 16st-a). The heterochromatic regions was detected in
most of centromeres; in terminal position on short arm of pairs 12 and 20; on long arm of
pairs 14, 15, 16, 18 and 21; on both arms of pairs 11; interstitial (nearly to centromeres) on
short arms of pairs 5 and 8 and on long arm of pairs 3, 6, 10, 11, 12 and 14. The 18S rDNA
was detected in terminal position on long arm of pair 16, while the 5S rDNA was detected on
short arm of pair 20. FISH with [TTAGGG]n repeats detected interstitial telomeric sites (ITS)
in pairs 2 and 5 (Figl).

Astrodoras asterifrons Kner 1853: shows 2n=52 chromosomes with karyotypic
formulae: 16m + 18sm + 18st-a. The C banding reveals heterochromatic blocks in interstitial
position on long arm of pairs 2,4, 21 and short arm of pair 9; in terminal position on short arm
of pairs 8, 13 and 24. FISH with rDNA probes evidenced a syntenic arrangement of rDNAs
sites on short arm of pair 24, being the 18S rDNA in terminal position while the 5S rDNA
sites in interstitial position. FISH with [TTAGGG]n motifs detected interstitial telomeric sites

(ITS) only on long arm of pair 9 (Fig.1).
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Figure 1 — Karyotypes of Astrodoradinae subfamily species: after Giemsa staining, C banding and
FISH with 18S, 5S rDNA and Telomeric probes. The scale bar corresponds at 10um.
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Subfamily Doradinae

Platydoras hancockii Valenciennes 1840: shows 2n=58 chromosomes (26m +
14sm + 18st-a). The heterochromatin was detected in terminal position on short arms of
pairs13, 15, 16, 20, 26, 28 and on long arm of pair 6; in both arms of pair 4; interstitially on
short arm of pair 2. FISH detected multiple 18S rDNA sites in terminal position on short arms
of pairs 26 and 28, while the 5S rDNA sites was detected in synteny with 18S rDNA sites on
short arm of pair 26 (Fig.2).

Centrodoras brachiatus Cope 1872: the diploid number found for this specie was
58 chromosomes, with karyorypic formulae: 22m + 18sm + 18st-a. The C banding evidenced
heterochromatin blocks in terminal position on short arms of pairs 10, 16, 19, 23 and 27;
interstitially on long arm of pairs 21 and 26; in both arms of pair 5; in pericentromeric and
terminal region on short arm of pair 3. FISH reveals syntenic 18S and 5S rDNA sites on short
arm of pair 16, being the NORs sites on terminal position, while the 5S rDNA was mapped on
interstitial position (Fig.2).

Pterodoras granulosus Valenciennes 1821: shows 58 chromosomes distributed in
22m + 18sm + 18st-a. The heterochromatic blocks was observed in terminal position on short
arms of pairs 9, 16, 25; long arms of pairs 1, 2, 26 and on both arms of pairs 3, 5, 8. The 18S
rDNA sites was detected in terminal position on short arm of pair 16, in synteny with 5S
rDNA sites (detected on interstitial position) (Fig.2).

Oxydoras niger Valenciennes 1821: shows 2n=58 chromosomes (22m + 18sm +
18st-a). C banding evidenced heterochromatic block in terminal position on short arms of
pairs 5, 6, 16 and on long arm of pair 22, on both arms of pair 3 and interstitially on long arm
of pair 24. FISH reveals syntenic 18S and 5S rDNA sites on short arm of pair 16, being the

NORs sites on terminal position, while the 5S rDNA was mapped on interstitial position

(Fig.2).
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Figure 2 — Karyotypes of Doradinae subfamily “Large thorny catfishes clade”: after Giemsa staining,
C banding and FISH with 18S, 5S rDNA and Telomeric probes. The scale bar corresponds at 10pum.
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Hemidoras stenopeltis Kner 1855: shows 2n=58 chromosomes (34m + 16sm +

8a). The heterochromatin was detected in terminal position on short arms of pairs 3, 5, 7, 8,

21, 22; on long arm of pair 28; pericentromeric region of pairs 2, 18, 19, 27 and on both arms

of pair 4. The 18S rDNAs sites was mapped by FISH in terminal position on long arm of pair

28, whereas the 5S rDNA was detected on short arms of pairs 7 and 8 (Fig.3).

Trachydoras steindachneri

Perugia 1897:

shows 60 chromosomes with

karyotypic formulae: 30m + 14sm + 16a. The C banding evidenced terminal heterochromatic

blocks on short arms of pairs 18 and 28; on long arms of pairs 6, 15, 23, 24, 27, 29;

pericentromeric in pairs 5, 10, 11 and 16; in both arms of pairs 3, 7, 26; on short arm of pair 1

in pericentormeric and terminal position. FISH reveals 18S rDNA sites on short arms of pair

28 and 5S rDNA sites on short arms of pair 18 (Fig.3).
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Reconstruction of ancestral characters

The most probably ancestral diploid number of Doradidae is 2n=58 chromosomes,
because this diploid number occurs with high support value (99,9%) in most of the nodes.
These feature is ancestral condition in Wertheimerinae subfamily which 99.9% and in the
most of clades included in Doradinae, with the exception of node 20, where the species of
Trachydoras. In Astrodoradinae the ancestral diploid number is 2n=56 chromosomes,
however the support value for this feature is low (51.8%), being that only in Anadoras the
2n=56 can be considered a ancestral condition with 99.9% of support. In others clades of
Astrodoradinae, it was not possible to determine the ancestral diploid number (Fig. 4; Table
3).

Regarding to the basal NORs pattern, ten states of the character were determined,
among them, the pattern A (terminal NORs on short arm of subtelocentric) is considered
ancestral in most nodes with high probabilistic support (up to 80%). In nodes 16, 17, 18 and
19 the pattern 1 remains with ancestral character but showed a reduction in support values. In
the node 5 and 6, which correspond to the Anadoras clade, the pattern C (terminal NORs on
long arm of acrocentric) is the ancestral feature with 99% . In the node 15 wich corresponds
to the Oxydoras clade, the pattern H is the ancestral condition, whereas in the Tenellus clade
(node 23) the ancestral NORs pattern is the F (Table 2). In some nodes, as is the case of 20
and 27 which corresponds to Trachydoras and Ossancora-Hemidoras clades respectivelly, it

was not possible to determine the ancestral NORs pattern (Fig.5; Table 4).
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Discussion

Currently, Doradidae species are believed to have diversified from an ancestral
karyotype consisting of 2n=58 chromosomes, since this 2n occurs in the sister group
Auchenipteridae (Lui et al. 2009; Lui et al. 2010; Lui et al. 2013a; Lui et al. 2013b; Lui et al.
2015). Moreover, the reconstruction of the ancestral characters evidenced with high
probabilistic value (over to 80%) that the 2n=58 are the plesiomorphic condition of most
clades of thorny catfishes (Table 3; Figure 4). This plesiomorphic feature remains conserved
in most of the species included in Doradidae family, occurring since the endemic thorny
catfishes of Wertheimerinae subfamily (Eler et al. 2007, Takagui 2019-Chapter 1) at the more
apical clades, as is the case of Hassar, Leptodoras and Tenellus (Milhomen et al. 2008,
Takagui et al. 2017b).

The Wertheimerinae subfamily are composed by only three endemic species from
Séo Francisco and Eastern coastal drainages (Birindelli 2014), regarding the cytogenetic
features, all species shows 2n=58 and the same karyotypic formulae, diverging only in rDNA
and heterochromatin pattern. The differential heterochromatin dispersion is certainly the main
mechanism related to the karyotypic diversification of Whertheimerinae species, thus, it is
possible identify at least three events of great importance for this process: (1) increase of
heterochromatin (W. maculata showed few blocks, followed by K. bahiensis and F.
marmoratus); (2) transposition or translocation of 5S rDNA segments from pair 22 to the
short arm of pair 19, giving rise to the multiple system shared by K. bahiensis and F.
marmoratus; (3) a second event of heterochromatin amplification which increased and
reorganized the repetitive DNAs in F. marmoratus (Takagui 2019 — Chapter 1).

Unlike Wertheimerinae, the subfamily Astrodoradinae exhibits greater karyotypic
variation, with diploid numbers ranging from 2n=44 in A. nheco, 2n=46 in A. affinis, 2=52 in

Astrodoras asterifrons and 2n=56 in all Anadoras species (Baumgartner et al. 2018; Takagui
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2019- Chapter 2; Present study). According to the character reconstruction, the ancestral 2n,
for this subfamily would be 56 chromosomes, however the probabilistic values were
considered low (51,8%) to support this feature. Perhaps, this reflects the high karyotype
variability, that being the 2n=56 its the ancestral condition only in Anadoras, in the most
divergent clades such as Amblydoras and Astrodoras the Mesquite software revealed very low
support values (around 40%), which makes it very difficult to infer what would be the
ancestor diploid number in these clades, considering only the data available at the time.

Astrodoradinae contains the species with the smallest 2n when compared to the
other subfamilies of Doradidae. Regardless of not knowing what would be the ancestral
condition for this feature, is the fact that centric fusions played an important role in the group
diversification. Chromosome fusions can occur either through loss of the capping function,
when telomeric repeats are still present, or loss of telomeric repeats that maintain a functional
telomere (Murnane 2006). According to Ocalewicz (2013), telomeric sequences in
pericentromeric or interstitial regions are potential vestiges of chromosome fusion. Pericentric
ITS were detected in Amblydoras affinis (Guama River) and in Astrodoras asterifrons, but in
species of Anadoras that have 56 chromosomes, no ITS was observed. Thus, the reduction of
2n in these species occurred as independent chromosomal fusions, being that in Amblydoras
affinis and Astrodoras asterifrons, some ITS probably remained due to inactivation of
telomeres, unlike Anadoras where it was not possible to detect ITS possibly due to the
elimination of the telomeric sequences or a low copy content, making it impossible to identify
through after fluorescent in situ hybridization.

Amblydoras species, exhibited the smaller diploid numbers already described for
thorny catfishes, considering the hypothetically ancestral karyotype (2n = 58), it was
necessary seven and six centric fusions events, to originate the karyotypes described for A.

nheco and A. affinis respectively. However, FISH with telomeric probes detected ITS only in
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two chromosome pairs in A. affinis, the other ITS that were expected were probably not
detected due to (i) mechanisms of fusions related to total elimination of telomeric motifs,
similar to which must have occurred in Anadoras; (ii) post-fusion repair mechanisms, since
the presence of telomeric sites in interstitial regions is not a usual condition; (iii) a small
amount of motifs [TTAGGG]n that makes it impossible to detection by FISH.

The presence of such peculiar karyotypes associated with broad phenotypic
plasticity and taxonomic problems, makes Amblydoras a very interesting group for
cytogenetic studies. Less than a decade ago, Sousa (2010) taxonomically reviewed the
subfamily Astrodoradinae, and proposed that the species A. hancockii, A. gonzalezi, A.
nauticus, A. inculpitus, A. monitor and A. truncatus are synonyms of A. affinis. This finding
remains controversial considering the molecular markers that do not recognize this grouping
as monophyletic (Arce et al. 2013), as well as the cytogenetic data, which allowed to easily
distinguish two a priori populations classified as A. affinis by means of the position of the
NORs and also by the distribution of heterochromatin (present study).

The subfamily Doradinae includes most species thorny catfishes and can be
divided into two groups: the large and the barbells fimbriate thorny catfishes. In both groups,
2n = 58 is a strongly supported ancestral condition (greater than 80%), and occurs in most
species, whose differentiation is possible only by karyotype formulas, heterochromatic
distribution and rDNA pattern. In this sense, the pericentric inversions are the rearrangement
with major importance for karyotypic divergence in Doradinae (Eler et al. 2007, Takagui et al.
2017a, 2017b, Baumgartner et al. 2016, 2018). This structural rearrangement often interferes
in gene expression, causing some damage in the structure of the gene or inhibiting its activity
due to the position effect (Snustad 2013, Kasahara 2009). These consequences are

evolutionarily very important, because they not only give rise to genetic variability but also
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enhance the occurrence of reproductive isolation, which contributes significantly to the
process of speciation (King et al. 1993, Noor et al. 2001).

The majority of the fimbriate barbells thorny catfishes species also shows 2n=58
chromosomes, however can be easily discriminated by the heterochromatin and rDNA sites
distribution (Table 1). A remarkable feature of this group are the presence of many
metacentric chromosomes and high content of heterochromatin as observed in T.
steindachneri and H. stenopeltis. In these clade also occurs species with the high diploid
numbers described for Doradidae: T. steindachneri with 2=60 chromosomes and O. punctata
with 66 chromosomes, both originated by one and three centric fission events.

In addition to the chromosomal rearrangements, heterochromatic components also
play an important role in karyotypic diversification of Doradinae. In the large thorny catfishes
clade, the species C. brachiatus, P. granulosus and O. niger showed that 2n = 58 (22m +
18sm + 18st-a) and syntenic rDNAs sites on short arm of pair 16. These high similarity
reinforce the close relationship between these species which were discriminated only by the
distribution of the heterochromatic regions. The comparative analysis of the C band observed
in doradids reveals a gradual increase in the amount of heterochromatin (Eler et al. 2007). The
localization and amount of heterochromatin blocks are an excellent species-specific marker
for thorny catfishes (Takagui et al. 2017b), and its variability suggests the act of different
families of repetitive DNAs, as is the case, of the Rex3 retrotransposons which associated
with others types of repetitive DNAS, promotes chromosome rearrangements such the
pericentric inversions that are important mechanisms contributing to karyotype evolution in
different clades of the Doradidae family.

Within the repetitive DNAs, the rDNA is the main group investigated in
Doradidae. In these family, the 18S rDNA sites have only been restricted to one chromosome

pair with variations in arm position and chromosome type (Table 1). Analysis based on
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Mesquite software evidenced that among the ten character states of NORs observed in
Doradidae, the terminal NORs on short arm of subtelocentric chromosome is an ancestral
feature of Doradidae with high probabilistic values (over to 80%) in most of the nodes(Table
3, Figure 5). Then it is evident that the variability described for the NORs distribution arose
from heterochromatin amplification, pericentric and paracentric inversions or non-reciprocal
translocations. Moreover, the NORs multiple systems were observed in A. grypus and P.
hancockii, and probably had its origin due to reciprocal translocations involving only terminal
segments containing the 18S rDNA sites in both species (Takagui 2019 — Chapter 2, present
study).

According to Martins and Galetti Jr. (2001), the presence of ribosomal genes in
different chromosomes pairs is the most common arrangement in fishes. In Siluriformes, the
syntenic rDNA is sporadically described in different groups, but in some families, as in
Tricomycteridae and Loricariidae, the synteny is considered a primitive condition
(Ziemniczak et al. 2012). In Doradidae, syntenic 18S and 5S rDNA sites was observed in
Wertheimerinae species, A. asterifrons, A. nheco, A. grypus, P. armatulus, P. hancockii, R.
dorbignyi, C. brachiatus, P. granulosus, O. niger and O. eigenmanni, being that in the seven
species the synteny was observed in a small subtelocentric pair and that can be considered a
homeologue chromosome (Table 1). In O. eigenmanni and in large thorny catfishes clade, the
syntenic rDNA sites was detected in a submetacentric pair (Baumgartner et al. 2018; present
study), although it is morphologically differentiated, this chromosomal pair is nothing more
than a derived state from the subtelocentric pair which arose due to amplification of the 5S
rDNA sites, an event that may have been triggered by some kind of transposable element.

When compared with the 18S rDNA distribution, the 5S rDNA is very variable,
showing numerical and structural variability representing an excellent cytotaxonomic marker

for Doradidae (Table 1). The presence of different multigene families in non-transcribed
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regions (NTS) of 5S rDNA is common in fish, including transposable elements such as
LINES, SINES and non-LTR retrotransposons (Gouveia et al. 2017; Rebordinos et al. 2013),
as well as in histones DNA (Hashimoto et al. 2011; Piscor et al. 2018), small nuclear RNA
(Duilio et al. 2015) and in different microsatellites (Gouveia et al. 2017). These multigenic
families may be important for transcriptional activity or for genomic dispersion of 5S rDNA
(Barros et al. 2017). The available cytogenetic data about the physical mapping of rDNA
sequences in thorny catfishes are scarce, and future analyses in species belonging to different
clades are necessary for better understanding of the evolutionary dynamics of this repetitive
DNA.

The ancestral caracter reconstruction, confirm that the 2n=58 chromosomes and
terminal NORs on short arm of one subtelocentric pair are the basal feature of Doradidae,
corroborating previous studies (Eler et al. 2007; Milhomem et al. 2008; Takagui et al. 20174a;
2017b; Baumgartner et al. 2018). Being that our results suggest that the karyotypic
diversification of Doradidae is a dynamic process, promoted under the influence of three
chromosome rearrangements: (1) pericentric inversions responsible for the variability in
chromosome morphology in species bearing 58 chromosomes, such observed in the large and
fimbriate barbells thorny-catfishes of Doradinae subfamily; (2) chromosomal fusions that led
to the reduction of the diploid numbers in species of Astrodoradinae subfamily and (3) centric
fissions that gave rise to 2n=60 and 2n=66 described for Trachydoras steindacneri and

Ossancora punctata.
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Table 1 — Cytogenetic data available for the Neotropical freshwater Doradidae family.

KARYOTYPIC

GENERA/ SPECIES 2n FORMULAE Ag-NORs 18S rDNA 5S rDNA REFERENCES
DORADIDAE
Subfamily Wertheimerinae
Wertheimeria maculata 58 24m+14sm+8st+12a Pair 20 (p arm) - - Eler et al. (2007)
Wertheimeria maculata 58  24m+ 12sm + 8st + 14st-a - Pair 22 (p arm) Pair 22 (p arm) Takagui 2019 — chapter 1
Kalyptodoras bahiensis 58  24m+ 12sm + 8st + 14st-a - Pair 22 (p arm) Pair 22 (p err:]?)/ Pair 19 (p Takagui 2019 — chapter 1
Franciscodoras marmoratus 58  24m + 12sm + 8st + 14st-a - Pair 22 (p arm) Pair 22 (p a;rrnr:]))/ Pair 19 (p Takagui 2019 — chapter 1
Subfamily Astrodoradinae
Anadoras sp. “araguaia” 56 24m+10sm+8st+14a Pair 28 (q arm) Pair 28 (q arm) Pair 15 (p arm) Baumgartner et al. (2018)
Pair 11 (p arm)/One _ _.
Anadoras grypus 56 16m + 18sm + 22st-a chromosome 28 (q (F:)ﬁ:grlnlos(grzg?éo(giwm) Pair 11 (p arm) Takagui 2019 — chapter 2
arm)

Anadoras weddellii 56 24m + 10sm + 22st-a - Pair 28 (g arm) Pair 15 (p arm) Takagui 2019 — chapter 2
Astrodoras asterifrons 52 16m + 18sm + 18st-a - Pair 24 (p arm) Pair 24 (p arm) Takagui 2019 — chapter 3
Amblydoras affinis

y” . 46 20m + 14sm + 12st-a - Pair 18 (p arm) Pair 19 (p arm) Takagui 2019 — chapter 3
(Tapajés River)
Amblydoras affinis

Y .. 46 16m + 10sm + 16st-a - Pair 16 (q arm) Pair 20 (p arm) Takagui 2019 — chapter 3
(Guama River)
Amblydoras nheco 44 18m + 18sm + 8st-a - Pair 19 (p arm) Pair 19 (p arm) Takagui 2019 — chapter 3

Subfamily Doradinae

Platydoras cf. costatus 58 26m+16sm+4st+2a Pair 20 (p arm) - - Milhomem et al. (2008)



Platydoras armatulus
(Miranda River)

Platydoras armatulus
(Parand River)

Platydoras hancockie
Centrodoras brachiatus

Pterodoras granulosus
(Upper Parana River)

Pterodoras granulosus
(Solimdes River)

Oxydoras niger
(Tocantins River)

Oxydoras niger
(Cataldo Lake)

Rhinodoras dorbignyi
Rhinodoras dorbignyi

Rhinodoras dorbignyi
(Miranda River)

Ossancora punctata
(Miranda River)

Ossancora eingenmanni

Trachydoras paraguayensis

(Lower Parand River)

Trachydoras paraguayensis

(Lower Parana River)
Trachydoras steindacneri

Tenellus leporhinus

58

58

58
58

58

58

58

58

58
58

58

66

58

56

60
58

22m+14sm+18st+4a

24m+14sm+20st

26m + 14sm + 18st-a

22m + 18sm +18sm

16m +16sm+14st+12a

22m + 18sm +18sm

20m+16sm+8st+14a

22m + 18sm +18sm

20m+20sm+4st+14a
18m+16sm+12st+12a

24m+12sm+12st+10a

12m+8sm+6st+40a

30m+14sm+14st

32m+20sm-+4st

36m+16sm-+4st

30m + 14sm + 16st-a
36m+18sm-+4st

Pair 25 (p arm)

Pair 15 (p arm)

Pair 16 (p arm)

Pair sm (p arm)

Pair 24 (p arm)

Pair 17 (p arm)

sm Pair

Pair 11 (Interstitial)

Pair 23 (g arm)

Pair 25 (p arm)

Pairs 26 and 28 (p arms)
Pair 16 (p arm)

Pair 16 (p arm)

Pair 16 (p arm)

Pair 24 (p arm)

Pair 17

Pair 11 (Interstitial)

Pair 28 (p arm)
Pair 23

Pairs 18, 25

Pair 26 (p arm)
Pair 16 (p arm)

Pair 16 (p arm)

Pair 16 (p arm)

Pairs 18,24,26

Pairs 10, 17,23

Pair 22

Pair 18 (p arm)
Pair 10

Takagui et al. (2017a)

Baumgértner et al. (2018)

Takagui 2019 — chapter 3
Takagui 2019 — chapter 3

Takagui et al. (2017a)

Takagui 2019 — chapter 3

Fenocchio etal. (1993)

Takagui 2019 — chapter 3

Fenocchio et al. (1993)
Fenocchio et al. (1993)

Baumgértner et al. (2018)

Takagui et al. (2017a)
Baumgartner et al. (2018)

Fenocchio et al. (1993)

Baumgértner et al. (2016)

Takagui 2019 — chapter 3
Takagui et al. (2017b)
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Tenellus trimaculatus
(ZZIZW)

Tenellus ternetzi
(Jari River)

Hassar orestis

Hassar cf. orestis
Hassar wilderi
Hassar wilderi
Hassar sp.
Hemidoras stenopeltis

Leptodoras cataniae

58

58

58
58
58
58
58
58
58

Q 21m+18sm+12st+7a
& 20m+18sm+12st+8a

44m+12sm+2 a

32m+20sm+6a
32m+18sm+8a
32m+16sm+10a
26m+20sm+12st
42m+14sm+2a
34m + 16sm + 8st-a
24m+16sm+14st+4a

Pair 22 (p arm)

Pair 24 (g arm)

Pair 22 (p arm)
Pair 20 (p arm)
Pair 25 (p arm)
Pair 28 (p arm)
Pair 7 (p arm)

Pair 23 (p arm)

Pair 22 (p arm)

Pair 28 (p arm)
Pair 28 (q arm)
Pair 23 (p arm)

Four sites

Four sites
Pairs 7 and 8 (p arms)

Four sites
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Takagui et al. (2017b)

Milhomem et al. (2008)

Milhomem et al. (2008)
Milhomem et al. (2008)
Eler et al. (2007)

Takagui et al. (2017b)
Milhomem et al. (2008)
Takagui 2019 — Chapter 3
Takagui et al. (2017b)

Legend: 2n= diploid number; m=metacentric; sm= submetacentric; st=subtelocentric; a=acrocentric; Ag-NORs= Nitrate impregnation for detect the NORs sites; rDNA=
ribossomal desoxiribonucleic acid; p arm= short arm; g arm= long arm. The informations produced by dissertations, phD thesis or abstracts in national / international
congresses were not included in the table.
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SPECIES N° INDIVIDUALS IOCALITIES COORDINATES VOUCHERS
Astrodoras asterifrons 2 females / 2 males Negro River — Central Amazon basin 0°58°31.68°’S 62°55°40.79°W MZUEL17813
Amblydoras affinis 1 female Tapajos River — Lower Amazon basin 2°45°50.70°°S55°05°08.93°W MZUEL17801

1 male and 5 sex not defined Guama River — South Atlantic coastal drainage 1°37°32.93°°S47°51°32.32"W MZUEL19440

north
Amblydoras nheco 4 sex not defined Marginal lagoon of Cuiaba River — Upper 16°12°46.12”’S 55°59°09.05°W
Paraguay basin

Platydoras hancockii 3 males Solimdes River — Central Amazon basin 0°58°31.68°’S 62°55°40.79°W MZUEL17318
Centrodoras brachiatus 2 females Negro River — Central Amazon basin 3°14°28.32°’S59°56°29.19”°W MZUEL17831
Pterodoras granulosus 8 males / 2 females Solimdes River — Central Amazon basin 3°14°28.32°’S59°56°29.19°W
Oxydoras niger 6 females Catalao Lake — Central Amazon basin 3°09'49.8"S 59°54'47.5"W MZUEL17317
Trachydoras steindachneri 5 females / 1 male Solimdes River — Central Amazon basin 3°14°28.32°’°S59°56°29.19°W MZUEL17802
Hemidoras stenopeltis 3 females / 2 male Solimdes River — Central Amazon basin 0°58°31.68°’S 62°55°40.79”°W MZUEL17807

Legend: [S]= Sul; [W]=0este; [MZUEL]= Museum of Zoology of Londrina State University.
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Table 3— Probabilistic values calculated by Mesquite software for estimated the ancestral diploid number of

Doradidae.
Nodes Diploid Numbers
2n=44 2n=46 2n=52 2n=56 2n=58 2n=60 2n=66
1 1.2% 28.2% 68.1%
2 2.0% 30.4% 67.8%
3 1.6% 26.6% 69.4%
4 11.6% 51.8% 26.0%
5 99.9%
6 41.8% 19.15% 10.0%
7 36.8% 36.9% 13.4%
8 99.9%
9 99.9%
10 99.9%
11 99.9%
12 99.9%
13 99.9%
14 99.9%
15 99.9%
16 99.9%
17 99.9%
18 1.0% 89.6% 7.5%
19 90.6% 29.5% 28.8%
20 33.0% 29.1% 33.1%
21 99.9%
22 99.9%
23 99.9%
24 99.9%
25 99.9%
26 99.9%
27 99.9%
28 99.9%

*The values highlighted in red, are the most probably ancestral character.
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Table 4- Probabilistic values calculated by Mesquite software for estimated the ancestor NORs pattern of
Doradidae.

Nodes NOR Patterns
A B C D E F G H | J
1 945% 3.0% 0.4%
2 921% 6.3% 0.2%
3 99.9%
4 95.9% 3.0% 0.1%
5 7.0% 88.4% 0.02%
6 2,4% 88.3% 7.6%
7 99.9%
8 99.9%
9 96.4% 0.08% 2.8%
10 99.9%
11 99.9%
12 99.9%
13 99.9%
14 63.1% 26.3%
15 29.5% 1.5% 56.5%
16 61.4% 26.6%
17 63.3% 0.16% 26.3%
18 68.8% 29.0% 2.0%
19 69.4% 26.6% 2.0%
20 21.7% 48.0%  25.1%
21 95.8% 2.0% 0.01%
22 93.2% 0.8% 4.8%
23 2.0% 0.7% 96.0%
24 99.9
25 96.9% 1.0% 0.2%
26 99.9
27 30.3% 31.6% 31.6%

Legend: g arm= long arm; p arm= short arm; [A] Terminal NORs on short arm of subtelocentric chromosome;
[B] Interstitial NORs on p arm of submetacentric chromosome; [C] Terminal NORs on g arm of acrocentric
chromosome; [D] Terminal NORs on p arm of acrocentric chromosome; [E] Interstitial NORs on g arm of
metacentric chromosome; [F] Terminal NORs on g arm of submetacentric chromosome; [G] Multiple sites in
submetacentric and acrocentric chromosomes; [H] Terminal NORs on p arm of submetacentric chromosome; [I]
Multiple sites in terminal position on p arm of subtelo-acrodentric chromosomes; [J] Terminal NORs on g arm of
subtelocentric chromosomes.

*The values highlighted in red are the most probably ancestral character.
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CONSIDERACOES FINAIS

E notavel que a partir da ultima década, ocorreu um “Renascimento” dos estudos
citogenéticos envolvendo membros da Familia Doradidae, que por durante um certo tempo
permaneceram pouco compreendidos em relacdo as suas caracteristicas genéticas. O aumento
nos estudos cromossémicos utilizando thorny catfishes como modelo bioloégico certamente
ocorreu em funcdo da necessidade de se entender algumas lacunas ou conflitos taxonémicos
oriundos de diferentes abordagens filogenéticas ou simples descricbes de novas espécies.
Diante desse contexto, o presente estudo foi inicialmente desenvolvido com intuito de ampliar
0 conhecimento citogenético de Doradidae, descrevendo o caridtipo de espécies ainda ndo
estudadas ou complementando as informacdes de outras espécies que apresentavam somente

resultados basicos.

Os resultados obtidos nessa Tese revelaram uma intensa variacdo cromossémica
em Doradidae, principalmente no niamero diploide que variou desde 44, 46, 52, 56, 58, 60 até
66 cromossomos, evidenciando a participacdo de rearranjos cromossomicos como as fusdes
centricas/tandem e fissdes céntricas. Os demais marcadores aplicados evidenciaram padrdes
espécie-especificos de grande valia na resolugéo de conflitos taxonémicos como é o caso da
distribuicdo da heterocromatina e sitios de DNAr 18S e 5S. A compilacdo de todos esses
dados permitiu identificar padrdes de evolugdo cromossémica nas diferentes subfamilias de

Doradidae, que serdo comentados com mais detalhes nos proximos paragrafos.

Subfamilia Wertheimerinae: As trés espécies analisadas Wertheimeria maculata
e K. bahiensis (espécies endémicas da bacia do Atlantico Sul Leste, sendo K. bahiensis
ameacada de extincdo) e F. marmoratus (espécie endémica do rio Sdo Francisco) exibiram

2n=58 e a mesma formula cromossémica com diferencas apenas no padrdo de distribuicdo
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dos DNAr e principalmente na disposicdo dos blocos heterocromaticos. Nesse grupo foi
verificado que a divergéncia no padrdo heterocroméatico exerceu grande influéncia na
diversificacdo cariotipica, e pela primeira vez noés investigamos a composicdo desses
elementos repetitivos no cariétipo de especies de Doradidae, evidenciando a presenca do
retrotransposon Rex3 e sua possivel correlacdo com a variacdo citogenetica observada em
Wertheimerinae. Além disso, o trabalho traz uma correlacdo entre a origem da diversidade
citogenetica observada entre as espécies dessa subfamilia com os processos geomorfologicos
que moldaram a ictiofauna moderna das bacias hidrograficas do Atlantico Leste e Séao

Francisco, evidenciando um processo de especiacao alopatrica via alteracdes cromossémicas.

Subfamilia Astrodoradinae: Seis espécies, dentre as 21 formalmente
reconhecidas, foram analisadas evidenciando uma acentuada variagdo no numero dipléide de
2n= 44 em Amblydoras nheco, 2n= 46 em Amblydoras affinis, 2n=52 em Astrodoras
asterifrons e 2n= 56 em Anadoras sp. “araguaia”, Anadoras grypus e Anadoras weddellii.
Considerando que o 2n ancestral de Doradidae é 58 cromossomos, a presenca de nimeros
dipldides reduzidos em Astrodoradinae indica a ocorréncia de eventos independentes de
Fusdes céntricas/tandem, que em algumas espécies foram confirmados pela FISH com sondas
teloméricas, a partir da deteccdo de sitios ITS. A acentuada variabilidade citogenética dessa
subfamilia também reflete sua complexidade taxonémica, visto que muitos grupos exibem
uma certa dificuldade para serem corretamente classificados como é o caso do grupo

“Amblydoras affinis” que provavelmente corresponde a um Complexo de espécies cripticas.

Subfamilia Doradinae: a maioria das espécies de thorny catfishes dessa
subfamilia exibem as caracteristicas cariotipicas similares ao padrdo descrito em
Wertheimerinae, com 2n=58 cromossomos, altos numeros fundamentais devido a
predominancia de cromossomos metacéntricos e submetacéntricos e sitios simples terminais

de DNAr 18S. Algumas excecGes foram observadas em: Trachydoras paraguayensis,
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Trachydoras steindacneri e Ossancora punctata com nameros dipléides igual a 56, 60 e 66
respectivamente, assim como em Platydoras hancockie que exibiu um sistema mdultiplo de
sitios DNAr 18S. De um modo geral, em relacdo a Evolucdo cromossdmica a subfamilia
Doradinae pode ser claramente subdividida em dois grupos: (a) thorny catfishes de grande
porte, onde o nimero dipléide, as formulas cariotipicas e o padrdo de DNAr permanecem
mais conservados em relagdo a distribuicdo de heterocromatina, que é variavel e portanto um
excelente marcador espécie-especifico que juntamente com as inversdes pericéntricas sao 0s
principais elementos relacionados a evolucdo desse grupo. (b) thorny catfishes de barbilhao
fimbriados: € um grupo mais varidvel, incluindo espécies com nimeros diploides diferentes
de 58 cromossomos, assim como espécies portadoras de cromossomos supranumerarios e
sexuais ZZ/ZW. A distribuicdo de heterocromatina e dos sitios de DNAr 18S e 5S também
sdo mais variaveis do que nos demais taxons dessa subfamilia, sugerindo um processo de
evolugdo cariotipica influenciado principalmente por rearranjos Robertsonianos, inversoes

pericéntricas e dispersao de elementos repetitivos.

As informacdes citogenéticas aqui obtidas permitiram identificar alguns padrées
evolutivos e também confirmaram problemas taxondmicos em alguns grupos de Doradidae.
Nesse sentido, 0 DNA Barcoding foi também utilizado em associacdo com os marcadores
cromossémicos para testar o status taxondmico de uma possivel nova espécie endémica do
Alto rio Araguaia: Anadoras sp. “araguaia”. Os dados cromossdmicos foram eficientes
somente para diferenciar A. grypus de seus congeneres, evidenciando uma notavel
similaridade entre A. weddelli e Anadoras sp. “araguaia”. Entretanto o DNA barcoding
separou claramente as trés espécies, identificando trés unidades taxonémicas moleculares
operacionais (MOTUSs), com alto valor de divergéncia genética e suportadas pelas inferéncias
Bayesianas,VVerossimilhanca e por todos os algoritmos de delimitagdo de espécies. Sendo

assim, nossos dados encorajam a descri¢cdo dessa nova espécie e confirmam mais uma vez a
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importancia da citogenética e DNA barcoding para o0 estudo da biodiversidade,
principalmente em regides com alto grau de endemismo e ameagadas por atividades

antropogénicas, como € o caso do Alto rio Araguaia.

A Evolugdo cromossémica de Doradidae ainda esta longe de ser completamente
elucidada, para isso € necessério realizar mais estudos citogenéticos envolvendo outras
espécies, visto que dentre as 95 formalmente descritas apenas 27 possuem seus cariétipos
descritos. Entretanto, os dados aqui obtidos ja representam uma grande contribuicdo nao
somente para a continuidade dos estudos carioevolutivos em Doradidae, mas também para
futuros estudos evolutivos em grupos relacionados, dentre os quais se destacam
Auchenipteridae e Aspredinidae, que assim como os thorny catfishes sdo peixes pouco
compreendidos do ponto de vista citogenético devido a dificuldade na coleta dos exemplares e
também para obter preparagdes cromossémicas de qualidade. Também torna-se
imprescindivel a revisdo taxondémica em alguns grupos problematicos, para que desse modo
seja possivel compreender com maior consisténcia as relacdes filogenéticas desse importante

grupo de peixes, que tem tudo para se tornar um excelente modelo para estudos evolutivos.



