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“Nada em biologia faz sentido exceto a luz da evolugéo”

Theodosius Dobzhansky
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RESUMO

Esta tese explorou as relagfes evolutivas, citogendémicas e filogeogréficas do género Harttia,
um género de peixes amplamente distribuidos no territorio brasileiro. Devido a suadiversidade
de sistemas de cromossomos sexuais, incluindo o simples (XX/XY) e multiplos (XX/XY1Y2 e
X1X1X2X2/X1X2Y) encontrados em aproximadamente 28% das espécies citogeneticamente
investigadas, Harttia € um dos poucos grupos biolégicos considerados como repositorio de
sexuais multiplos, fornecendo insights Unicos sobre a evolucdo cromossdmica. Investigamos a
histriaevolutivado género apartir de 16 espécies, sei s destas caracterizadas citogeneticamente
pela primeira vez na literatura (H. dissidens, H. duriventris, H. guianensis, H. rondoni, H.
villasboas e Harttia sp. 3). A tese foi pioneira em propor uma filogenia para o género com
dados gendmicos de larga escala (DArTseq SNPs), ampliando as perspectivas das relagcOes
evolutivas ao caracterizar os trés principais clados do género associados a diferentes regides
biogeogréficas. um composto por espécies do Escudo das Guianas (Clado 1), outro por espécies
das drenagens do Norte do Brasil (Clado I1) e o terceiro por espécies do Sul e Sudeste do Brasil
(Clado 111). A modelagem biogeogréfica sugere que o ancestral do género habitava as bacias
Amazonica, Parana ou Atlantico Sul, com colonizagbes secundarias para as bacias do
Tocantins-Araguaia, S80 Francisco e Atlantico Leste. As andlises citogenéticas (mapeamento
de DNAs repetitivos via FISH, hibridizacdo comparativa de genomas - CGH e pintura
cromossdmica - WCP) revelaram que metade das espécies estudadas possuem Cromossomos
sexuais diferencidveis, incluindo novas ocorréncias do sistema multiplo X1X2Y e a primeira
ocorréncia de XX/XY para uma espécie do clado II. Os dados de modelagem de nimero
cromossdmico e marcadores ligados ap sexo indicam que esses sistemas derivaram de um
ancestral com cari6tipo de 2n = 58 e sistema X X/XY, que compartilha marcadores ligados ao
sexo entre espécies dos clados | e 11, sugerindo um evento de turnover no clado 1. Ademais,
os marcadores ligados ao sexo indicam que todas as 16 espécies investigadas apresentam um
sistema de cromossomos sexuais com heterogametia masculina (oito previamente conhecidas
visto seu heteromorfismo), sugerindo a presenca de sistemas simples homomorficos em oito
delas (H. dissidens, H. guianensis, Harttia sp. 3, H. kronei, H. longipinna, H. loricariformis,
H. gracilis, H. fowleri). Além disso, enquanto as fusdes de cromossomos sexuais com
autossomos possibilitaram o surgimento de sistemas sexuais multiplos no clado 111, dados de
pintura cromossdmica demonstram que as fissbes cromossdmicas foram cruciais para a
diferenciacBo nos cromossomos sexuais no clado Il. A diferenciacdo cromossdmica,
investigada por DNAS repetitivos (satélites, microssatélites, DNAS ribossomais), sugere que o
isolamento geogréfico e fatores historicos moldaram a estrutura genética e as divergéncias
evolutivas do género. Conclusivamente, o trabalho contribui para o entendimento da evolucéo
citogendmica e demogréafica de Harttia, consolidando-o como um modelo significativo para
explorar diversificagdo em ambientes Neotropicais.

Palavras-chave: Evolucéo, Peixes, Citogenética Molecular, Sequenciamento NGS, DArT-

seq, Filogeografia, Cromossomos Sexuais
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ABSTRACT

This thesis explores the evolutionary, cytogenomic, and filogeographic relationships of the
genus Harttia, a genus of fish widely distributed across Brazil. Due to its diversity of sex
chromosome systems, including simple (XX/XY) and multiple (XX/XY1Y2 and
X1X1X2Xo/X1X2Y) systems found in approximately 28% of cytogenetically investigated
species, Harttia stands out as one of the few natural repositories of multiple sex chromosomes,
offering unique insights into chromosomal evolution. We generated novel data for six species
(H. dissidens, H. duriventris, H. guianensis, H. rondoni, H. villasboas and Harttia sp. 3),
integrating cytogenetic, genomic and phylogeographic methodol ogies. The thesis pioneered the
proposal of a phylogeny for the genus using genome-wide data (DArTseq SNPs), enhancing
perspectives on evolutionary relationships by characterizing the three major clades associated
with different biogeographic regions. one composed of species from the Guiana Shield (Clade
), another by species from the drainages of Northern Brazil (Clade I1), and the third by species
from Southern and Southeastern Brazil (Clade I11). Biogeographic modeling suggests that the
genus’ ancestor inhabited the Amazon, Parana, or South Atlantic coastal basins, with secondary
colonization into the Tocantins-Araguaia, Sao Francisco, and East Atlantic basins. Cytogenetic
analyses (mapping of repetitive DNAs by FISH, comparative genomic hybridization - CGH,
and whole chromosome painting - WCP) revealed that half of the species studied here have
distinguishable sex chromosomes, including new occurrences of the X1X>Y multiple system
and the first occurrence of XX/XY in aclade Il species. The chromosome number evolution
modeling data and sex linked markers suggests that these systems derive from an ancestor with
a2n = 58 karyotype and XX/XY system, sharing sex-linked markers among species of clades |
and 111, and suggesting a turnover event in clade I1. Additionally, sex-linked markers indicate
that all 16 investigated species exhibit a male heterogametic sex chromosome system (eight
previously known for their cytogenetic heteromorphism), suggesting the presence of smple
homomorphic systems (XX/XY) in eight species (H. dissidens, H. guianensis, Harttia sp. 3, H.
kronei, H. longipinna, H. loricariformis, H. gracilis, and H. fowleri). Furthermore, while the
fusion of sex chromosomes with autosomes enabled the emergence of multiple sex systemsin
clade 111, chromosome painting data show that chromosome fissions were crucia for the
differentiation of sex chromosomes in clade Il. Chromosomal differentiation, investigated
through repetitive DNAs (satellites, microsatellites, ribosomal DNAS), suggests that geographic
isolation and historical factors shaped the genetic structure and evolutionary divergence within
the genus. In conclusion, thiswork contributes significantly to understanding the cytogenomics
and demographic evolution of Harttia, establishing it as a valuable model for exploring
diversification in Neotropical environments.

Keywor ds. Evolution, Fishes, Molecular Cytogenetics, NGS sequencing, Phylogeography,
DArT-seq, Sex Chromosomes
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(B), gentilmente cedidas pelo Dr. Osvaldo Oyakawa— MZUSP.

Figura 7. Reproducdo da Figura 2 do artigo Sassi et al. (2020) (Anexo |). Caridtipos de H.
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gendbmicas e coloracdo DAPI. As regides gendmicas comuns para machos e fémeas sfo
representadas em amarelo. Os cromossomos sexuais sdo indicados. Barra = 10 pm.
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padrdes de hibridizagdo de sondas de gDNA derivadas do genoma de machos; terceira coluna (c,
0, k): padrdes de hibridizac8o de sondas de gDNA derivada do genoma de fémea; quarta coluna (d,
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total (WCP) com HCA-X (verde) e HCA-9 (vermelho) em cromossomos de machos de seis
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Figura 17. Reproducdo daFigural do artigo Sassi et al., 2023b (Anexo V). Zoo-FISH com sondas
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Figura 18. Reproducao da Figura 3 do artigo Sassi et al., 2023b (Anexo V). Relagbes filogenéticas
entre peixes Hartiini com base em dados morfolégicos e moleculares, juntamente com
caracteristicas citogenéticas ancoradas. A filogenia segue a) Londofio-Burbano e Reis (2021) e b)
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Figura 19. Reproducdo da Figura 2 do artigo Sassi et al. (em revisdo, Communications Biology
(Springer-Nature)) (Anexo V). Cromossomos mitéticos de Harttia villasboas apés hibridizagdo
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com sequéncias distintas de DNAs satdlites, indicadas no canto inferior direito. Cromossomos
sexuais 8o indicados nas met&fases. Barrade escala=5 pm.

Figura 20. Reprodugdo da Figura 3 do artigo Sassi et al. (em revisdo, Communications Biology
(Springer-Nature)) (Anexo VI). Cromossomos mitéticos de H. rondoni e H. duriventris ap6s
hibridizagdo com sequéncias distintas de DNA satélite de H. villasboas, conforme indicado no
canto inferior direito. Os cromossomos sexuais sdo indicados. Barrade escala=5 pm.

Figura 21. Reproducdo da Figura 4 do artigo Sassi et al. (em revisdo, Communications Biology
(Springer-Nature)) (Anexo VI). Metafases mitéticas de H. punctata e Harttia sp. 3 ap0s
hibridizacdo com distintos HviSatDNAs, conforme indicado no canto inferior direito. Os
Cromossomos sexuais so indicados. Barrade escala=5 pm.

Figura 22. Reprodugdo da Figura 5 do artigo Sassi et al. (em revisdo, Communications Biology
(Springer-Nature)) (Anexo VI). DNA satélites de Harttia villasboas hibridizados em H. dissidens
e H. guianensis. Barrade escala= 5 pum.

Figura 23. Reproducdo da Figura 7 do artigo Sassi et al. (em revisdo, Communications Biology
(Springer-Nature)) (Anexo V). Gréficos de paisagem de repetitivos (RL) para DNAs satélites
(satDNA) homdlogos de Harttia. Abundéncia (eixo y) e divergéncia (eixo x) em relacdo a
sequéncia consenso construida para cada satDNA.

Figura 24. Reproducéo da Figura 6 do artigo Sassi et al. (em revisdo, Communications Biology
(Springer-Nature)) (Anexo V). Sequéncias satélite de H. villashoas hibridizadas aos cromossomos
sexuais em ditintas espécies de Harttia, esquematizadas de acordo com suas rel agdes filogenéticas
(Covain et al., 2016). H. intermontana foi adicionada manualmente & &rvore com base na
distribuicgo geogréfica e caracteristicas cromossdmicas, mas sua posi¢do deve ser confirmada,
Visto que ndo esta presente naandise de Covain et al. (2016). A combinacdo de sondas € indicada
acima de cada ideograma/imagem de FISH. As cores dos idiogramas seguiram a homologia dos
Cromossomos sexuais obtidos da pintura de cromossomos inteiros, conforme descrito na
metodol ogia da presente tese. Barra de escala= 10 pm.

Figura 25. Reproducéo da Figura 8 do artigo Sassi et al. (em revisdo, Communications Biology
(Springer-Nature)). Estrutura do HviSat08-4011 (A), indicando as regides homologas com o gene
ZP4 (azul) e os trés conjuntos de primers (F1R1, F2R2 e F3R3, em verde) usados para PCR,
conforme demonstrado pela imagem em gel de agarose (B). Gréficos de paisagens de repetitivos
(C) representando, para H. villashoas, H. rondoni, H. duriventris e H. punctata, abundancia (eixo
y) edivergéncia (eixo X) em relagdo a sequéncia de consenso construida para cada parte da unidade
de repeticdo do HviSat08-4011, sendo as retas azuis para a por¢do ndo-homologa a ZP4 e laranja
paraa por¢do homdéloga.

Figura 26. Gréfico PCA de dados de marcadores SNP autossomicos e ligados ao sexo. Os clusters
apresentam a distribuic@o geogréfica das espécies, seguindo o verde para o Norte do Brasil, o rosa
para as Guianas e 0 amarelo para o Sul e Sudeste do Brasil. Cada espécie é representada por um
circulo colorido e um nimero, seguindo alegenda a direita. O sexo dos individuos segue circulos
para fémeas e tridngul os para machos.

Figura 27. RelacBes filogenéticas de maxima verossimilhanga de espécies de Harttia, usando
Farlowella sp. como um grupo externo, recuperadas de 1.375 SNPs gerados por DArT-Seq de 107
individuos. NUmero diploide e sistemas de cromossomos sexuai s s80 exibidos juntamente ao nome
da espécie. O suporte dos clados é exibido pelos circulos nos nés, seguindo circulos pretos para
100 de bootstrap e cinza para> 70. A distribuico aproximada dos clados no territério brasileiro €
apresentada. Barra de escala em tamanho dos ramos.

Figura 28. RelacOes filogenéticas de Harttia com o nimero diploide (2n) ancestral inferido pelas
andlises do ChromEvol. Os graficos de pizza indicam a probabilidade de 2n ancestral. Barra de
escala em comprimento dos ramos.
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Figura 29. Relacdes filogenéticas de Harttia sem o grupo-externo (Farlowella sp.), com o nimero
diploide (2n) ancestral inferido pelas andlises do ChromEvol. Os gréficos de pizza indicam a
probabilidade de 2n ancestral. Barra de escala em comprimento dos ramos.

Figura 30. RelagOes filogenéticas de Harttia sem o grupo-externo (Farlowella sp.) e sem Harttia
sp. 2, com o ndmero diploide (2n) ancestral inferido pelas andlises do ChromEvol. Os gréficos de
pizzaindicam a probabilidade de 2n ancestral. Barra de escala em comprimento dos ramos.

Figura 31. Resumo dos resultados de marcadores ligados ao sexo (SLM). A) Busca ha base de
dados NCBI com BLAST dos SNPs ligados ao sexo, com o tamanho refletindo o nimero de
marcadores com resultados positivos por espécie, detalhado em C). Em B) sdo apresentados os
nimeros de SLMs que indicam sistemas de heterogametia masculina (XY) ou feminina (ZW).

Figura 32. Estimativas de distribui¢do ancestral indicadas pelo modelo DEC implementado no
BioGeoBEARS. A) filogenia de Harttia (conforme Figura 28) indicando as éreas de distribuicéo
inferidas pela andlise, com as probabilidades indicadas pelos gréficos de pizza. As areas utilizadas
estdo apresentadas em b).
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1.1 A evolucéo da biodiversidade e a regido Neotropical

A Convencdo sobre Diversidade Biologica (ONU, 1992), tratado da Organizagdo das
Nacoes Unidas (ONU), define biodiversidade como a diversidade de espécies, assim como a
diversidade entre espécies e de ecossistemas. Em uma definicdo expandida, biodiversidade
pode ser compreendida como a profusdo da vida em suas diversas escalas, ou sgja, a variagao
de genes, espécies e tragos funcionais (Cardinae et al., 2012). Desta maneira, a biodiversidade
€ gerada pela evolucéo biologica, dado o acUmulo de mudancas que ocorrem ao longo de
geracOes em populagdes. A origem de novas espécies decorre de um processo evolutivo
denominado especiacdo, que € o produto das barreiras ao fluxo génico entre duas ou mais
espéci es emergentes e 0 acimul o de mudancas que tornem esse fluxo completamente impedido.
Este isolamento pode ocorrer de duas formas. i) pré-zigético, onde ha o impedimento do
acasalamento, da fertilizacdo, ou do encontro de parceiros e ii) pds-zigético, onde ocorre a
formacdo do zigoto, mas este € impedido durante o desenvolvimento ou a prole é infértil.
Seguindo o conceito de espécies proposto por de Queiroz (2007), espécies sdo linhagens de
metapopul acbes que evol uem independentemente. Assim, acompreensao dos mecanismos pelo
qual o isolamento reprodutivo é estabelecido se torna essencial para que a delimitacdo das
espécies sgja mais bem definida.

M ecanismos genéticos podem contribuir para o isolamento reprodutivo. Em animais,
rearranjos cromossomicos, principamente envolvendo os pares sexuais, podem desempenhar
um papel fundamental no isolamento pos-zigético ao limitar a introgresséo, facilitando o
desenvolvimento e manutencdo do isolamento reprodutivo ao suprimir a recombinacéo
(Bateson, 1909; Dobzhansky, 1933; Muller, 1942; Coyne & Orr, 2004; Faria& Navarro, 2010;
Sichovaet al., 2015). Contudo, a forma mais comum de especiacdo é aaopatria (Mayr, 1942),
onde o surgimento de uma barreira fisica € o mecanismo responsavel pelo isolamento
reprodutivo pré-zigotico, podendo, consequentemente, gerar um isolamento pos-zigaético. Rull
(2018) sugere que as atas taxas de especiagdo por alopatria na regido Neotropical seriam
resultado dos eventos geoldgicos e climéticos complexos ocorridos durante 0 Neogeno e o
Pleistoceno (23 Maa 11,7 mil anos atras), o que explicaria a grande biodiversidade da regio.

A regido Neotropical, que se estende do sul dos Estados Unidos ao sul da Argentina, se
destaca em relacéo a outras regides biogeograficas pela alta diversidade de especies, sendo
considerada um hotspot de biodiversidade (regido com ato grau de endemismo de espécies
sensu Myers, 1988). Em especial, a regido Amazonica apresenta um dos maiores niveis de
biodiversidade do mundo (Antonelli et al., 2018), gerada pela combinagdo de processos locais

climéticos e geologicos (Albert & Reis, 2011; Rull, 2018). Por exemplo, mudangas de curso
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dos rios, incursdes e regressdes maritimas e o fechamento do istmo do Panama (~7-2,5 Ma),
que criou um fluxo de biodiversidade entre as regides Norte e Sul das Américas, sdo
categorizados como eventos de extrema importancia para a riqueza da biodiversidade naregido
Neotropical (Hubert & Renno, 2006; Bacon et al., 2015; Carrillo et al., 2020; Rull & Carnaval,
2020). Damesmamaneira, o soerguimento da Cordilheirados Andes (~90 Ma) teve um impacto
fundamental na formagdo das paisagens amazonicas, especidmente com as mudancas
climaticas que acompanharam este evento (Hoorn et al., 2010).

Um dos principais atores na diversificacdo da fauna Neotropical sdo osrios. A regido
apresenta uma gama de bacias hidrogréficas que fragmentam a paisagem e criam barreiras ao
fluxo génico, isolando populagdes que ndo sdo capazes de cruzar tais corpos d’agua com as
magnitudes dos encontrados na regido (Wallace, 1852). Neste cenario, exemplos séo
observados em primatas da regido amazoénica (Boubli et al., 2015), assim como aves na bacia
do Paran&-Paraguai (Kopuchian et al., 2020) e sapos na bacia do rio Sdo Francisco (Bruschi et
al., 2019). Além disso, a fauna aquética é diretamente afetada pelo dinamismo hidrogeol 6gico
da regido Neotropical, pela recorréncia de eventos de conexdo e rupturas entre bacias
hidrogréficas (Albert e Reis, 2011) que mesclaram e isolaram as ictiofaunas.

Quatro principais bacias compdem a paisagem da regido Neotropical: Amazonas,
Orinoco, La Plata e S&o Francisco (Lundberg et al., 1998). A bacia Amazonica abrange uma
a&reade mais de 7 milhdes de kmz2, com seus principais afluentes drenando do Escudo Brasileiro
(e.g. Rios Tocantins-Araguaia, Xingu, Tapaj6s), dos Andes (e.g. Rios Purus, Japurd, 1¢a), e do
Escudo das Guianas (e.g. Rios Negro, Branco, Uatuma, Trombetas). Estabaciaéamaisdiversa
em espécies de pei xes de agua doce do mundo, englobando juntamente a bacia do Orinoco, com
a qual compartilha diversos géneros, aproximadamente 65% das espécies da ictiofauna da
regido Neotropica (Reis et al., 2016). A bacia do Orinoco € principal mente representada pelo
rio que anomeia, que se origina das montanhas de altitudes do Escudo das Guianas e teve seu
curso atual definido durante o Mioceno Tardio (11,6-5,3 Ma atras) (Gamero, 1996). Ja a
segunda maior bacia do continente sul-americano, La Plata, inclui rios originérios do Escudo
Brasileiro (Rio Parand), de desertos montanhosos na regido andina, do Pantanal paraguaio (Rio
Paraguai) e dos pampas uruguaios (Rio Uruguai) (Brea& Zucol, 2011). Por fim, abaciado Rio
S0 Francisco se origina na Serra da Canastra e se estende por uma area de aproximadamente
600 mil km? (Sato & Godinho, 2003). A combinacdo destas bacias e os limites geol 0gicos
transformam a paisagem neotropical (Figura 1) em uma malha de nichos, permitindo a
diversificacdo em larga escala de espécies em ambientes terrestres e aquéticos, tornando a

regi&o de alto interesse para estudos evol utivos.
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Figura 1. Mapa parcial daregido Neotropical (contorno preto), com enfoque para a América do Sul, destacando
as principais bacias hidrogréficas da regido: Amazonica (verde escuro), Orinoco (roxo), La Plata (laranja) e Sdo
Francisco (amarel 0).
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1.2 O uso de cromaossomos par a estudos da biodiver sidade

Os cromossomos sdo estruturas compostas pela combinagdo do DNA, proteinase RNA,
que atuam naformacg&o da estruturatridimensional destas moléculas, assim como nos processos
regulatorios da expresséo dos genes ai contidos. Exclusivamente observados em eucariotos
viventes, 0s cromossomos tém sua origem como materia de hereditariedade na origem deste
grupo, a aproximadamente 2.7 bilhdes de anos (revisado em Damas et al., 2021).

Rearranjos cromossomicos sdo importantes fatores evolutivos principal mente por sua
contribui¢do com o isolamento reprodutivo e consequentemente com o processo de especiacdo
(Cazaux et al., 2011). O surgimento de sistemas de cromossomos sexuai s também desempenha
um papel preponderante na formacdo de barreiras reprodutivas entre espécies. De acordo com
0 modelo candnico de evolugéo dos cromossomos sexuais (Muller, 1914; Bull, 1983; White,
1940, revisado em Kratochvil et al., 2021; Zhu et al., 2024), estes se diferenciam a partir de
pares autossomicos, pela aquisicdo de um gene mestre na determinacéo sexual (MSD). Genes
ligados a0 sexo também se acumulam neste novo par sexual, até a supressdo da recombinacéo
no loci MSD, usuamente por uma inversdo (Charlesworth, 2023; Olito et al., 2024). Em
seguida, sequéncias repetitivas, como por exemplo elementos transponiveis, se acumulam e o
processo de degeneracdo ocorre, levando ao heteromorfismo do par sexual, embora este
processo ndo sgja igual em todas as linhagens (Charlesworth & Charlesworth, 2000; Graves,
2006; Y azdi et al., 2020; Charlesworth, 2021). Em sistemas mUiltiplos— aqueles em que hAmais
de um par sexual, como por exemplo 0 X1X1X2X2/X1X2Y —, ateragdes estruturais envolvendo
um par autossdmico e um sexual, levando a uma rgpida reducdo, ou mesmo a supressdo da
recombinacao nas regides préximas aos pontos de quebra (revisado em Zhu et al., 2024). Tais
rearranjos aumentam também o nimero de genes ligados ao sexo, acelerando assim o aclimulo
de diferencas genéticas entre as populacbes (Vieiraet al., 2003). Com esse processo, genes que
desempenham um papel no isolamento reprodutivo podem se acumular NOS Cromossomos Neo-
sexuais, favorecendo a especiacdo (Kitano & Peichel, 2012). Em bichos-da-seda (Samia
cynthia), por exemplo, é relatado o papel dos sistemas de cromossomos sexuais multiplos
associados a outros rearranjos cromossomicos para aformacdo de barreiras reprodutivas, sendo
estas diretamente ligadas com a especiagao (Y oshido et al. 2011).

Durante a evolugdo dos vertebrados, diversos rearranjos cromossdmicos como
duplicacdes e delecbes, que podem ocorrer em larga escala, assm como as fusdes, fissoes,
translocacOes e inversdes, foram pecas-chave no isolamento de espécies, atuando como
importantes fontes de variagdo genética (Damas et al., 2021). Em um espectro amplo, a

evolucdo cromossdmica em vertebrados pode ser organizada em quatro principais caminhos
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evolutivos: 1) estase ou conservagao cariotipica (e.g. Motta-Neto et al., 2019; Altmanovaet al .,
2023; Bredeson et al., 2024); 1) reducdo de 2n (também conhecido como disploidia
descendente) (e.g. Sember et al., 2020; Cheng et al., 2020; Moraes & Sassi et al., 2023), 111)
ganho de 2n (disploidia ascendente) (e.g. Molina et al., 2021), ou V) especiacdo homoploide
(e.g. Lukhtanov et al., 2020; Olave et al., 2022).

A citogenética é a subérea da genética responsavel pelo estudo dos cromossomos, 0
principa material de heranca em organismos eucariontes. Nesta area, sdo estudados estes
elementos partindo de sua estrutura e morfologia, arranjo dentro do nuicleo, organizacdo durante
a divisdo celular, padrbes de bandamento e posicdo de genes ou sequéncias, assim como sua
variagdo em nimero eformaintra- e entre espécies. Ao combinar técnicas de genémicaeandise
de dados moleculares, recebe o nome de citogendmica ou cromossdmica (Deakin et al., 2019;
Liehr, 2021) (Figura 2).

" Banda-C WCP

1970’ =i 1988

1986

» * FISH * CGH

Figura 2. Linha do tempo destacando a exemplos das principais técnicas citogenéti cas abordadas neste trabal ho.
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Inicialmente, estudos citogenéticos inferiam sobre a biodiversidade com a utilizagdo de
marcadores que permitiam o correto pareamento dos cromossomos e a comparagdo dos padroes
entre espécies, conhecidas como técnicas de bandamento cromossdémico. O método de criagdo
destas bandas revela aspectos da composicéo e organizacdo do DNA nos cromossomos. Por
exemplo, ao tratar 0os cromossomos com um &cido, seguido do tratamento com uma base e
estabiliz&-1o em solugdo salina, conseguimos observar regifes de heterocromatina constitutiva,
gue sd0 mais compactadas em relacdo as regides eucrométicas (Sumner, 1972). Descrita por
Sumner (1972), a técnica de bandamento C foi amplamente aplicada em estudos evolutivos,
indicando para a maioria dos grupos de eucariotos as regides pericentroméricas e terminais dos
Cromossomos como ricas em heterocromatina constitutiva (Liu et al., 2020). A aplicagdo desta
técnica se estende por trabal hos de caracterizac&o de cromossomos sexuais e de delimitacéo de
espécies, como por exemplo em peixes dos géneros Brycon e Leporinus, cuja distribuicdo
diferencial de heterocromatina constitutiva entre espécies com cariotipos semel hantes (mesmo
2n e férmula cariotipica) € um dos principais marcadores de distingdo entre espécies (Gal etti
Jr. et al, 1991; Margarido & Galetti Jr., 2000).

Desde os primeiros trabal hos com mosca-da-fruta (Morgan et al., 1915), que indicaram
0S Cromossomos como elementos carregadores de genes, a ciéncia dos mapeamentos in situ
comegou ase desenvolver. Com o trabalho de Watson, Crick e Franklin descrevendo a estrutura
molecular de &cidos nucléicos (Watson & Crick, 1953) e avancos subseguentes em técnicas de
bioquimica, como por exemplo os métodos de deteccdo de proteinas baseados em
imunofluorescéncia, 0 mapeamento in situ ganhou espaco e relevancia em estudos genéticos.
Este tipo de mapeamento consiste na identificacdo fisica da posicéo de &cidos nucleicos em
outros acidos nucleicos, que podem ser cromossomos metafésicos ou interfasicos, assm como
RNA. Com isso, € possivel detectar a posicéo e quantificar acidos nucléicos em células ou
tecidos alvo. A técnica se baseia nas propriedades fisicas e quimicas dos écidos nucleicos, que
permitem sua desnaturacéo (quebra das ligagdes de hidrogénio entre fitas complementares) e
renaturacdo com outras mol écul as complementares sob certas condi¢des. Os primeiros estudos
foram realizados ao final da década de 1960, utilizando sondas de RNA ribossomal (rRNA)
acopladas com Tritio (H3), um isdtopo radioativo de hidrogénio, para a visualizagdo de genes
de rRNA em odcitos de ré&-de-unhas-africana (Xenopus laevis) (Pardue & Gall, 1969). Durante
0 mesmo periodo, técnicas similares com foco nos mapeamentos em célul as e tecidos fixados,
foram publicadas (John et al., 1969; Buongiorno-Nardelli & Amaldi, 1970), seguindo da
primeira aplicacdo em mamiferos (Pardue & Gall, 1970). Neste importante trabalho, os autores
demonstraram pela primeira vez a ocorréncia de sequéncias de DNA satélite, uma classe de
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DNA repetitivo, na heterocromatina centromérica de cromossomos de ratos, utilizando
mapeamentos DNA-DNA e RNA-DNA (Pardue & Gall, 1970).

Um importante avanco nas técnicas de mapeamento in situ foi o desenvolvimento de
técnicas menos nocivas a sallde do pesquisador e do ambiente para a marcacdo fluorescente de
sondas. As sequéncias de DNA ou RNA mapeadas neste tipo de experimentos séo denominadas
sondas, sendo necessaria a presenca de uma molécula fluorescente que permite a sua
identificacéo visual por técnicas de microscopia. Como mencionado anteriormente, moléculas
radioativas eram amplamente utilizadas, até a popularizacdo de anticorpos como agentes de
marcacao fluorescente. Estes anticorpos sdo ligados a outras moléculas ou aplicados em nick-
trandation (técnica que permite fragmentar o DNA em porcdes aeatdrias e ligar tais
fragmentos pela incorporacédo de nucleotideos que carregam moléculas fluorescentes). Com
isso, a técnica de hibridizacdo fluorescente in situ (FISH) foi desenvolvida e rapidamente
popularizada (Pinkel et al., 1986), permitindo a aplicagdo do mapeamento de sequéncias
conservadas ou varidveis (como DNAr e DNA satélites) em estudos de caracterizagdo da
biodiversidade (Sochorova et al., 2018). Além do aspecto descritivo da biodiversidade,
sequéncias de DNAr sdo utilizadas em estudos evolutivos, pois apesar do alto grau de
conservacdo a nivel de sequéncia, os DNAr podem variar em nimero de cdpias e na posicao
NOS Cromossomos, mesmo em popul agdes de uma mesma espécie (Zimmer et al., 1981; Dover,
1982; Schubert & Wobus, 1985; Dubcovsky & Dvorak, 1995; Averbeck & Eickbush, 2005;
Roy et al., 2005; McTaggart et al., 2007; Wang et al., 2017; Sochorovaet al., 2018). Ademais,
outras sequéncias repetitivas também sdo frequentemente mapeadas aos cromossomos para
estudos evolutivos, como por exemplo microssatélites e a sequéncia telomérica (TTAGGG)n,
que é conservadanamaioriados vertebrados (Meyne et al ., 1989). Microssatélites sdo peguenas
sequéncias de um a seis nucleotideos que se repetem em tandem, sendo frequentemente
encontradas em posi ¢des congruentes a outras sequéncias repetitivas e apresentando um padréo
de ata variacdo entre espécies (Cioffi & Bertollo, 2012). JA a sequéncia telomérica de
vertebrados também é repetida na composicdo do telémero, o final da fita de DNA que
compdem 0S Cromossomos, 0 que permite sua identificacdo por fluorescéncia. Em eventos de
fusdo cromossdmica, resquicios dos tel dmeros podem ser retidos como sequéncias teloméricas
intersticiais (ITS) (Blackburn, 1994), embora sua perda durante os rearranjos sggamais comum
(Schubert et al., 1992). Além disso, mecanismos de reparo podem gerar ITS sem que de fato
representem um telébmero verdadeiro acumulado por um rearranjo prévio (revisado em
Aksenova & Mirkin, 2019).
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VariagBes da técnica de FISH foram desenvolvidas com o passar dos anos, como por
exemplo a hibridizagcdo gendmica comparativa (CGH) (Kallioniemi et al., 1992), que utiliza
como sonda o DNA total extraido das espécies, hibridizando concomitantemente sequéncias
bloqueadoras de DNAS repetitivos, como por exemplo o Cot-1 DNA (Yano et al., 2017). Nesta
abordagem, ficam evidenciadas regites de maior variagdo entre dois genomas, destacando por
exempl o regides sexo-especificas e a extensdo da homologia entre cromossomos de hibridos
(Pereiraet al., 2013; Symonova et al., 2013; Koubova et al., 2014; Sember et al., 2018; Sassi
et al., 2019, 2020; Mazzoleni et al., 2020; Poignet et al., 2021). Cromossomosinteiros ou partes
destes também passaram a serem utilizados como sondas nas técnicas conhecidas como pintura
cromossomica total (WCP) ou parcial (PCP) (Pinkel et al., 1988), que quando aplicadas na
comparacao das homol ogias entre espéci es di stintas recebe o nome de cross-FISH ou Zoo-FISH
(Yang et al., 2009). Tais cromossomos podem ser obtidos por microdissec¢do ou por citometria
de fluxo, seguindo a amplificagdo por primers degenerados e marcagdo fluorescente (Y ang et
al., 2009). Com isso, € possivel identificar a homologia de pares cromossdmicos ao longo de
espécies relacionadas e de rearranjos cromossomicos (Ried et al., 1998; Shetty et al., 1999;
Yang et al., 2017).

1.3 Marcador es molecular es para estudos evolutivos

A unido de metodologias de investigacdo da posi¢ao de genes (mapeamentos in situ) e
de bandamentos cromossdmicos permite a investigacdo comparativa da evolucéo do genoma
sob a dtica citogenética em diversos grupos. Porém, apenas com a integracdo de dados
filogenéticos € que se faz possivel a conexdo de tais eventos cromossdmicos ao processo de
diversificacdo das espécies. Filogenias sdo hiplteses sobre as relagdes evolutivas de
organismos, representadas em forma de diagrama, que podem variar conforme o tamanho dos
ramos (em unidades de tempo, nimero de geraces ou quantidade de mudancas), mas também,
embora raras, em espessura (variagdo no tamanho populacional ao longo do tempo) (revisado
em O’Meara, 2012). Com elas, podemos observar as relagdes de ancestralidade de espécies,
correlacionando com eventos geol 6gi cos e biogeograficos, principalmente pela modelagem da
histéria demogréfica (e.g. Liu et al., 2006; Oliveira et al., 2020; Perez et al., 2023). Este tipo
de modelagem infere os centros de origem de espécies a partir das areas de ocorréncia e uma
filogenia, utilizando model os evol utivos desenhados para diversos cenarios, como por exemplo
dispersdo, extingdo e vicariancia (Matzke, 2012; Pyron et al., 2014; Matzke, 2016).

Filogenias podem ser construidas a partir de diversos tipos de dados, com destaque para

dados de origem gendmica, que permitem a comparacéo em larga escala tanto de organismos
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quanto de marcadores (Chase et al., 1993; Goloboff et al., 2009; O’Meara, 2012). Com 0
desenvolvimento de metodologias de sequenciamento de nova geracdo (NGS) e de técnicas
para enriquecimento das bibliotecas de sequenciamento para regides especificas do genoma, 0
custo da producéo de marcadores gendmicos para filogenias (polimorfismos de nucleotideo
anico - SNPs, elementos ultra conservados - UCES, exons, genes, sequéncias simples repetidas
- SSRs, introns e regides intergénicas) em grupos de organismos ndo-modelo foi drasticamente
reduzido (Lemmon and Lemmon, 2013). Contudo, a geracéo massiva de dados gendmicos néo
implica em uma reconstrucdo mais acurada da histéria evolutiva de um grupo, dada a
dificuldade do estabelecimento de um padréo de qualidade para os dados, asssm como dos
modelos de andlise (Rodriguez-Ezpeleta et al. 2007, Rannala & Yang 2008, Philippe et al.
2011; Lemmon & Lemmon, 2013; Smith et al., 2020).

Neste contexto, o estabel ecimento de métodos de reducéo da complexidade do genoma
(i.e., métodos baseados na selecdo e sequenciamento exclusivo de parcelas informativas do
genoma como RAD-seq e DArTseq) permitem a investigacdo evolutiva a um custo
relativamente baixo quando comparado com sequenciamento de genomas completos (Pukk et
al., 2015). Técnicas como estas apresentam a vantagem de ndo exigirem um genoma de
referéncia, pois se baseiam no uso de enzimas de restricdo e sequenciamento de fragmentos de
tamanhos especificos para representacdo do genoma (Peterson et al., 2012). Especificamente,
o DArTseq utiliza a combinagdo de uma enzima de corte aleatério e da Pstl, que é sensivel a
metilacdo CpG e redliza o corte preferencialmente em regides de DNA hipometiladas. Estas
por sua vez sdo geralmente ricas em genes e possuem ata complexidade, permitindo a
identificagdo de marcadores sob possivel influéncia de pressdes seletivas (Kilian et al., 2012).

Além da utilizacdo de marcadores moleculares na reconstrucdo filogenética, o advento
das metodologias de NGS beneficiou a producdo de marcadores cromossdomicos. Por exemplo,
a caracterizacdo completa de bibliotecas de DNAS repetitivos (elementos transponivels,
minissatélites, microssatélites, satélites) permite sua utilizacdo em estudos comparativos, dada
a dta taxa de variacdo destas sequéncias mesmo entre populagcdes de uma mesma espécie
(Garrido-Ramos, 2017). Os DNAs satélites, que por muito tempo foram vistos como "DNA
lixo" devido a sua aparente falta de fungéo, agora séo reconhecidos por desempenharem papéi's
significativos na regulacdo génica, na modificacdo da cromatina e como componentes
funcionais dos cromossomos (Kuhn, 2015; Thakur et al., 2021). Destaforma, diversos estudos
recentes apresentam uma caracterizagdo molecular e cromossdmica mais detalhada do
satelitoma (conjunto de DNAs satélites de um organismo) em trabalhos comparativos,

elucidando sua contribui¢éo para a estrutura cromossomica e seu papel na evolugao do genoma
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e da biodiversidade (e.g. Utsunomia et al., 2016; Ahmad et al., 2020; Goes et al., 2022,
Gutiérrez et al., 2023; Lisachov et al., 2023; de Moraes et al., 2023; Rocha-Reis et al., 2024).
Ademais, 0 uso do satelitoma em trabalhos de citogenémica comparativa fornece dados
importantes sobre o processo de degeneracéo de cromossomos sexuais (e.g. Utsunomia et al.,
2019; Serrano-Freitaset al., 2020; Ferretti et al., 2020; Cabral-de-Mello et al., 2021; de Oliveira
et al., 2023).

Em consonancia, a investigacdo de sistemas sexuais com 0 uso de marcadores
moleculares também foi beneficiada nos avancos do NGS, permitindo a amplainvestigacdo de
marcadores ligados ao sexo (SLM), como a presenca e auséncia de alelos especificos ou a
restricao destes a um dos sexos. Combinando métodos de reducéo de complexidade do genoma
para o sequenciamento de regides com baixo nimero de copias (e.g. DArTseq, RAD-seq), com
a analise comparativa entre sexos, estudos com SLM provém insights sobre a evolugdo destes
sistemas especialmente em grupos cuja determinagcdo sexual € atamente varidvel, como em
peixes, anfibios e répteis (e.g. Lambert et al., 2016; Hill et al., 2018; Sopniewski et al., 2019;
Schimek et al., 2022; Nguyen et al., 2022). Em geral, a obtencdo dos SLM permite a deteccéo
de sistemas sexuais em espécies com Ccromossomos sexuais homomorficos, aém da
investigacdo de SLM restritos a0 cromossomo sexo-especifico e, na disponibilidade de um
genoma montado a nivel cromossdmico, a identificagdo daregido do gene MSD (e.g. Kuhl et
al., 2024). Trés principais cendrios sdo investigados: i) marcadores restritos a um dos sexos, ii)
marcadores que sdo homozigotos em um dos sexos e completa ou parcialmente heterozigotos
no outro, e iii) marcadores com o dobro de profundidade de leitura em um dos sexos (Jeffries
et al., 2018; Devloo-Delvaet al., 2023).

Com a combinacdo de filogenias robustas e informagdes sobre as espécies, a aplicacdo
de abordagens comparativas baseadas em modelos estatisticos para a predicéo dos processos
evolutivos historicos que geraram os padrdes atuai s da biodiversidade se torna possivel. Dentre
tais metodologias, ainferéncia de caracteres ancestrais se destaca pela possi bilidade de estimar
um processo nao-observavel. Trés principais metodologias se destacam na reconstrucéo dos
processos evolutivos. metodologias baseadas no principio da parciménia evolutiva — que
favorecem as hipGteses com menor nimero de passos evolutivos; de verossimilhanga, que
analisam as probabilidades de um estado de caractere ocorrer; e de processos de Markov em
tempo continuo, onde a evolucéo de um sistema em gue o tempo € continuo (ou sgja, varia de
forma continua e ndo em passos discretos) faz com que o futuro estado do sistema dependa
apenas do estado atual (revisados em O’Meara et al., 2012). Neste contexto, podemos estimar

nUmeros cromossomicos ancestrais ao observar a frequéncia de nimeros de cromossomos em
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uma filogenia, verificando as transicbes (ganhos e perdas de nimero cromossdmico por
aneuploidia, fissoes e fusdes) em um modelo de Markov de tempo continuo, utilizando o
software ChromEvol (Glick & Mayrose, 2014). Com a utilizagdo de tal software, estudos
demonstram, por exemplo, que a variacdo do tamanho do genoma néo esta relacionada com a

evolucao do nimero cromossodmico em peixes teledsteos (Kushwaha et al., 2023).

1.4 Biodiversidadeictiolégica

Peixes sdo excelentes modelos para 0 estudo da evolugdo cromossdmica. Além de
representarem o grupo mais diverso dentre os vertebrados viventes, sua distribuicéo em todos
os habitats aguati cos permite correl acionar aevol ucéo biol gica do grupo aevolucdo geol bgica
da Terra (Lundberg, 1993). Especia mente para os peixes dulcicol as, cada continente apresenta
uma fauna particular, onde os padrdes distintos de distribuicdo sdo congruentes com 0s
processos de dinamismo hidrogréfico. A maioria das espécies de peixes ocorre nas regides
tropicais e subtropicais, com uma reducdo global da diversidade em regifes temperadas e
polares (Berra, 2001). A Africa tropical, o sudeste asiético e a bacia do rio Amazonas se
destacam pela riqueza de espécies de &gua doce (Lévéque et al., 2008, Nelson et al., 2016),
enquanto aregido da América Central € relativamente pobre em diversidade em decorrénciade
sua histéria geol 6gica.

Estudos de sistematica indicam que “peixes” ¢ um grupo parafilético, incluindo peixes
agnatos (lampreias e peixes-bruxa), peixes cartilaginosos (tubarfes e raias) e peixes 0sseos
(celacantos, peixes pulmonados e peixes de nadadeira raiada), mas que também deveriaincluir
os demais tetrgpodes, ja que a linhagem evoluiu a partir de ancestrais Sarcopterygii (Szarski,
1977). A maior parcela da diversidade de peixes estd distribuida na infraclasse Teleostel
(Actinopterygii), grupo que engloba 27 mil espécies distribuidas em mais de 450 familias
(Nelson et al., 2016; Fricke et al., 2020) que habitam aguas marinhas e continentais. Este clado
é definido como “o clado menos inclusivo que contém Hiodon tergisus Lesueur 1818
(Osteoglossomorpha), Elops saurus Linnaeus 1766 (Elopomorpha), Engraulis encrasicolus
Linnaeus 1758 (Otocephaa/Clupeomorpha) e Perca fluviatilis Linnaeus 1758 (Euteleostei)”
(Near & Thacker, 2024).

Diversos eventos de duplicacéo completado genomaocorreram durante adiversificacéo
dos tel edsteos, partindo de um cariétipo ancestral composto de 26 cromossomos. Estes eventos
foram cruciais para a diversificagcdo dos vertebrados, pois permitiram a expansdo de familias
génicas essenciais para o funcionamento do genoma, como genes Hox e do complexo de
histocompatibilidade (Castro et al., 2004; Dehal & Boore, 2005; Sacerdot et al., 2018; Simakov
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et al., 2020). Além dos dois grandes eventos de duplicagdo completa do genoma ocorridos na
evolucao dos vertebrados, um terceiro grande evento ocorreu hé aproximadamente 400 Ma no
ancestral dos peixesteledsteos, gerando um cariotipo ancestral com 2n = 52 cromossomos (Sato
& Nishida, 2010; Arai, 2011). Jano grupo monofilético Ostariophysi, diversificado a160.6 Ma
(Hugheset al., 2018), rearranjos cromossomicos tiveram papel preponderante nadiversificagcdo
gendmicado grupo, em detrimento de grandes eventos de duplicagdes como ocorridos no grupo
ancestral (Muramoto et al., 1968).

1.5 A ordem Siluriformese afamilia Loricariidae

Dentre os Ostariophysi, a ordem monofilética Siluriformes (Fink & Fink, 1981; Saitoh
et al., 2003; Arratia et al., 2003; Sullivan et al., 2006) representa uma grande parcela da
diversidade de peixes de agua doce. Com mais de 3 mil espécies e 36 familias (Ferraris, 2007),
0S animais pertencentes a tal ordem sdo conhecidos como bagres ou peixes-gato. Como
apontado pelasfilogenias de Sullivan et al. (2006) e Kappas (2016) (Figur a 3), duas subordens
sdo reconhecidas. Loricarioidel (seis familias, mais basa e restrita & América do Sul), e
Siluroidei (irmd de Diplomystidae, englobando 29 familias distribuidas por todos os
continentes, exceto a Antértida). Ao todo, 25 familias sdo consideradas monofiléticas, sendo
Bagridae, Schilbidae, Claroteidae e Sisoridae as excegbes. A familianeotropical Diplomystidae
ndo se encontrainclusa em nenhuma subordem, apesar de formar um clado irm&o a Siluroidei
(Sullivan et al., 2006).
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Figura 3. RelagBes filogenéticas da ordem Siluriformes conforme Sullivan et al. (2006), com silhuetas
representativas de alguns clados e a respectiva distribuicdo de Loricarioidei + Diplomystidae (Américado Sul) e
Siluroidei (Mundo, exceto Antértida).

Por conta da sua distribuicdo global, os peixes da ordem Siluriformes séo objetos
frequentes de estudos biogeogréficos (Briggs, 2005; Diogo, 2004; Gosline, 1944; Lundberg,
1993; Myers, 1938; Regan, 1922; Schaeffer, 1952). Estes sugerem que a América do Sul possa
ter sido o centro de origem dos peixe-gato, suportada pela presenca endémicade Diplomystidae,
assim como do clado Loricarioidel (Sullivan et al., 2006). Na América do Sul, 52 géneros e
67% das espécies de Siluriformes sdo do clado Loricarioidei. A partir de espinhos peitorais de
Diplomystidae encontrados na Argentinae Bolivia, datados de 83,2 a 66,0 Ma respectivamente
(Cione et al., 1987; Arratia & Cione, 1996; Gayet & Meunier, 1998), andises de relégio

molecular sugerem a origem do grupo na América do Sul, no Cretéceo Inferior, a 121,4 Ma
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(Hughes et al., 2018). Contudo, com a recente descric¢éo do féssil mais antigo para a ordem,
Afrocascudo saharensis Brito et al (2024) de 112 Ma, um Loricariidae encontrado em Marrocos
e 0 Unico dafamilia observado até o momento fora da Ameéricado Sul, desafia as hipéteses de
origem do grupo.

Sendo aterceirafamilia de peixes com maior riqueza, com 1.235 espécies, Loricariidae
se destaca dentre os Siluriformes (Fricke et al., 2024). Loricariidae é a mais representativa em
nimero de espécies dentre os Siluriformes, representando 48% do total de novas espécies
descritas ao longo de 25 anos, segundo |levantamento bibliogréfico realizado compreendendo o
periodo de 1990 a 2014 (Ota et al., 2015). Esta familia, juntamente com Characidae e
Cyprinidae, sdo responsaveis por aproximadamente 50% de todas as espécies de Ostariophysi
(Nelson et al., 2016). Os peixes | oricariideos, popularmente conhecidos como cascudos, bodos
e acaris, sao distribuidos naregido Neotropical, principalmente entre o norte da CostaRicae o
sul da Argentina (Reis et al., 2003). Estes animais apresentam placas dérmicas revestindo o
corpo e boca em formato de ventosa, localizada naregido ventral. A maioriadas espécies dessa
familia apresentam dietailiofaga, ou bentéfaga, também sendo observadas dietas exclusivas de
madeira, ou algas (Buck & Sazima, 1995; Lujan et al., 2017). Loricariideos apresentam uma
amplavariagao de tamanho corporal, com espécies menores que 5 cm (e.g. Ribeiro et al., 2012)
a espécies que atingem aproximadamente 1 m (Lujan et al., 2010). Principamente devido a
atividades antrépicas, como a combinacao de exploracdo para 0 comércio aquarista, destruicdo
de habitats e poucas informacfes populacionais, diversos loricariideos estdo ameacados de
extincdo (Barros et al., 2023). Por morfologia e dados moleculares, seis subfamilias sdo
reconhecidas. Delturinae, Hypoptopomatinae, Hypostominae, Lithogeninae, Loricariinae e
Rhinelepinae (Covain et al., 2016; Roxo et al., 2019).

Das seis subfamilias reconhecidas em L oricariidae, Hypostominae e L oricariinae sdo as
gue apresentam o maior numero de espécies (604 e 322 espécies respectivamente) (Fricke et
al., 2024) e amaior diversidade cariotipica (Traldi et al., 2019). Em espécies de Loricariinae
s80 encontrados caracteres dimorficos entre os sexos, com a presenca de odontddeos (Reis et
al., 2003). Membros da subfamilia Loricariinae podem ser facilmente identificados pelo
pediinculo caudal achatado, auséncia de nadadeira adiposa e pela projecdo do rostro/focinho
(Ferraris, 2003; Covain, 2006). S&o encontrados em rios da Ameéricado Sul, além derios do sul
do México, Colébmbia, Equador e Panama (Blanco, 2012). A subfamilia Loricariinae é
monofilética e subdivididaem duastribos: Harttiini e Loricariini, sendo asegundamaisricaem

nimero de espécies (Covain et al., 2016; Roxo et al., 2019). A tribo Hartiini € composta pelos
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géneros Harttia Steindachner (1876) (género tipo), Harttiella e Cteniloricaria (Montoya-
Burgoset al., 1998; Covain et al., 2008; Lujan et al., 2015; Covain et al., 2016).

Estudos citogenéticos sdo escassos quando comparados a diversidade de espécies de
Loricariidae, porém revelam umagrande diversidade de nimeros diploide e de cari6tipos, assim
como de Ccromossomos sexuais e acessorios. Apenas 234 espécies tiveram seus cariétipos
explorados, sendo a maioria representantes de Hypostominae, seguido por Loricariinae. O
numero diploide varia de 2n = 33 em machos de Rineloricaria teffeana (Margjo et al., 2022) a
2n = 96 em Hemipsilichthys sp. (Kavalco et al., 2004, 2005), sendo 2n = 54 0 mais encontrado.
Sete dos nove sistemas de cromossomos sexuais encontrados em peixes sdo descritos em 31
espécies de Loricariidae: os simples XX/XY, XX/X0 e ZZ/ZW, e os multiplos
X1X1 XX/ X1X2Y , XXIXY 1Y 2, ZZIZW1W> € Z1Z12Z 27 5/Z1Z5\N1\W.

1.6 O género Harttia Steindachner (1876)

Harttiainclui 28 espéciesvaidas (Fricke et al., 2024; Tabela 1). Espécies deste género
s80 encontradas principalmente no Brasil, mastambém naV enezuel a, Guiana, Guiana Francesa
e Suriname (Figura 4). Em geral, habitam corredeiras fortes, com fundo rochoso e arenoso,
proximas a quedas d’agua (Casatti & Castro, 2006; Covain & Fisch-Muller, 2007). No Brasil,
habitam bacias do sudeste brasileiro, destacando-se as por¢oes superiores das bacias dos rios
S8o Francisco e Parand, e as bacias costeiras dos rios Doce, Paraiba do Sul, Ribeira de Iguape,
e riachos do Complexo do Espinhaco, Serra da Mantiqueira, e bacia do Leste. Ao norte do
Brasil, ocorrem em diversas drenagens da bacia Amazoénica (Tapajos, Trombetas, Uatuma,
Xingu) e nabacia Tocantins-Araguaia, assim como em rios que drenam do escudo das Guianas
e da bacia do Orinoco (rios Curua e Maicuru, por exemplo).
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469  Tabela 1. Espécies do género Harttia com suas respectivas distribuices geogréficas em ecorregifes sensu Albert

470  etal., 2011. Adaptado de Oyakawa et al., 2018 e de Oliveira e Oyakawa, 2019.

Espécies
Harttia absaberi Oyakawa, Fichberg & Langeani 2013
H. carvalhoi Miranda-Ribeiro 1939
H. canastra Caldas, Cherobim, Langeani 2022
H. depressa Rapp Py-Daniel & Oliveira 2001
H. dissidens Rapp Py-Daniel & Oliveira 2001
H. duriventris Rapp Py-Daniel & Oliveira 2001
H. fluminensis Covain & Fisch-Muller 2012
H. fowleri Pellegrin 1908
H. garavelloi Oyakawa 1993
H. gracilis Oyakawa 1993
H. guianensis Rapp Py-Daniel & Oliveira 2001
H. intermontana de Oliveira& Oyakawa 2019
H. kronei Miranda-Ribeiro 1939
H. leiopleura Oyakawa 1993
H. longipinna Langeani, Oyakawa & Montoya-Burgos 2001
H. loricariformis Steindachner 1877

H. merevari Provenzano, Machado-Alisson, Chernoff, Willink
& Petry 2005
H. novalimensis Oyakawa 1993

H. panara Oyakawa, Fichberg & Rapp Py-Daniel 2018
H. punctata Rapp Py-Daniel & Oliveira 2001

H. rhombocephala Miranda-Ribeiro 1939

H. rondoni Oyakawa, Fichberg & Rapp Py-Daniel 2018
H. surinamensis Boeseman 1971

H. torrenticola Oyakawa 1993

H. trombetensis Rapp Py-Daniel & Oliveira 2001

H. tuna Covain & Fish-Muller 2012

H. uatumensis Rapp Py-Danid & Oliveira 2001

H. villasboas Oyakawa, Fichberg & Rapp Py-Daniel 2018

Bacia de distribuicéo

Alto Parana

Paraiba do Sul

S&o Francisco

Amazonas/ Escudo das Guianas
Tapaj6s — Juruena

Tocantins — Araguaia

Leste da Guiana

Leste da Guiana

S0 Francisco

Alto Parana

Leste da Guiana

Alto Doce
Ribeira de |Iguape, Alto Parana
S0 Francisco

S0 Francisco

Paraiba do Sul

Orinoco / Escudo das Guianas

S0 Francisco

Alto Xingu

Tocantins — Araguaia

Mata Atlantica

Alto Xingu

Leste da Guiana

S0 Francisco

Amazonas / Escudo das Guianas
Leste da Guiana

Amazonas / Escudo das Guianas
Alto Xingu




Figura 4. Mapa politico parcia da América do Sul, com a distribuicéo (circulos pretos) de todas as espécies de
Harttia com coordenadas geogréficas disponiveis na base de dados de ocorréncia de peixes Neotropicais (Tonella
et al., 2022), além de coordenadas disponiveis na base de dados do Laboratério de Citogenética Evolutiva da
Universidade Federal de S&o Carlos. Mapa criado com QGI S 3.28.2, utilizando os shapefiles Natural Earth erios
da Américado Sul do HydroSheds (L ehner et al., 2008).
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Estudos filogenéticos baseados em caracteres morfol 6gicos e moleculares indicam que
0 género é monofilético (Rapp Py-Daniel, 1997; Provenzano, 2012; Covain et al., 2016;
Londofio-Burbano & Reis, 2021). Contudo, andlises de DNA mitocondrial desafiam tal
monofiletismo, sugerindo o reposicionamento de H. absaberi em um novo género (Cherobim,
2021). Apesar disso, asfilogenias concordam naocorrénciadetrés principais cladosem Harttia
(Figura 5): o primeiro a se diversificar sendo composto por espécies do Escudo das Guianas
(clado 1), e dois clados irmé&os compostos por espécies daregido Norte/ Centro-Oeste (clado 11)
e do Sul/Sudeste do Brasil (clado I11). Oyakawaet al. (2018) propde a organizacao das espécies
em trés grupos com base no padréo de cobertura de placas da regido abdominal (completo,
parcial ou ausente), embora este ndo segja demonstrado como um caractere congruente as

filogenias.
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Figura 5. RelacBes filogenéticas de Harttia, baseadas em caracteres morfol 6gicos e genéticos, segundo Covain et
al. (2016) (A) e Londofio-Burbano e Reis (2021) (B), com a distribui¢do aproximada dos clados na América do
Sul (C).

A ecologia de Harttia foi investigada sob o ponto de vista de poucas espécies, cujas
caracteristicas de habito e reproducéo sdo reportadas principa mente por taxonomistas durante
a descricdo das espécies. Estudos sugerem que essas espécies apresentem uma peguena
capacidade de dispersdo, habitando principalmente cabeceiras de pequenos riachos (Blanco,
2012). Contudo, este padrao sb é verdadeiro para espécies daregido Sudeste do Brasil (Oliveira
& Oyakawa, 2019), ja que espécies das bacias Amazonica, Orinoco e do Escudo das Guianas
habitam rios de maior porte, inclusive no leito principal dos grandes afluentes destas bacias
(Rapp Py-Daniel & Oliveira, 2001; Provenzano et al., 2005; Covain et al., 2012; Oyakawa et
al., 2018). De acordo com Covain et al. (2012), espécies de Harttia sdo mais frequentemente

encontradas em areas com grande intensidade de luz solar, o que reflete em adaptactes
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morfoldgicas e ecoldgicas, como o tamanho maior dos olhos. Diversas espécies apresentam
dimorfismo sexual, com a presenca da hipertrofia de odontédeos em machos (Langeani et al.,
2001; Caldaset al., 2022). Em H. carvalhoi Miranda Ribeiro, 1939, adesovaétotal e o periodo
reprodutivo ocorre de setembro a fevereiro (Biagiotto et al., 2012). Os ovos séo geramente
espessos, em especial na zonaradiata, 0 que € uma caracteristica comum para peixes reofilicos
e indica que adesova é realizada em érea aberta (Dotzer & Weidner, 2003). JAH. torrenticola
apresenta ovos adesivos e cuidado parental (Covain & Fisch-Muller, 2007). Observactes de
gbnadas de fémea em estagio reprodutivo em algumas espécies, como por exemplo em H.
canastra (comunicagdo pessoal), destacam a presenca de ovos em distintos estagios de
maturacdo, o que pode indicar desova parcelada em algumas espécies.

1.7 Harttia como modelo para estudos de evolucgao cariotipica e cromossomos sexuais

Até o presente momento, apenas 0 género Harttia foi analisado citogeneticamente
dentre os membros da tribo Hartiini. Contudo, este género tem se mostrado extremamente
interessante para andlises citogenéticas, devido a presenca de sistemas sexuais e de diversas
outras caracteristicas, como por exemplo a distribuicdo de DNAS ribossomais em sintenia na
espécie Harttia loricariformis (Kavalco et al., 2004, 2005). Apesar da grande diversidade de
espécies no género Harttia, apenas oito espécies (~28% da riqueza total do género)
apresentavam dados citogenéticos até o inicio deste trabalho em 2020 (Tabela 2), com a
ampliacéo para 11 espécies no trabalho de Deon et al. (2020), publicado apds o inicio destatese
(~39% da riqueza total do género). Contudo, uma notavel variacdo de nimeros diploide era
observada, com 2n = 52/53 em Harttia carvalhoi (Centofante et al., 2006) a 2n = 62 em H.
absaberi (Rodrigues, 2010). Grande parte da variacdo de nimero cromossdmico em Harttia €
atribuida a eventos de fusbes Robertsonianas (Centofante et al., 2006; Blanco et al., 2014,
2017). Dois sistemas sexuais multiplos oriundos de rearranjos e quebras cromossdmicas sao
descritos no género: XX/XY 1Yz paraH. carvalhoi (Centofante et al., 2006) e X 1X1X2X2/X1X2Y
paraH. punctata (Blanco et al., 2014).

Ao longo do desenvolvimento desta tese, mais trés espécies de Harttia tiveram seus
cariotipos explorados por Deon et al. (2020), ampliando a descricao citogenética de espécies e
0 numero de espécies com sistemas de cromossomos sexuais multiplos. Em Harttia sp. 1
Ribeirdo dos Macacos — SP (2n=56/57), 0 mesmo sistema XX/XY1Y> observado em H.
carvalhoi é encontrado. Ja H. intermontana apresenta um sistema sexual XX/XY1Y2 com
homologia parcial ao de H. carvalhoi e Harttia sp. 1, porém com uma translocagéo entre o par

autossomico 9 e 0s cromossomos sexuais, indicada por experimentos de pintura cromossomica
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525 (Deon et al., 2022a, b). Por fim, Harttia sp. 2 apresentou 0 mesmo numero diploide de H.
526  absaberi (2n = 62), compreendendo o maior 2n observado em espécies do género.

Tabela 2. Dados citogenéticos do género Harttia disponiveis na literatura cientifica até o ano de 2020, inicio da

presente tese. O nimero diploide 2n = 52 descrito em Alves et al. (2003) na realidade se trata de amostras de

Harttia carvalhoi, conforme corrigido em Centofante et al. (2006).

Espécie 2n Formula cariotipica Refer éncia

Harttia kronei Q458 40m/sm+18st Alveset al., 2003

14m+20sm+14st+10a Blanco et al., 2013

H. loricariformis Q352 32m/sm+20st/a Alveset al., 2003*

Q456 16m+22sm+10st+8a Kavalco et al., 2004

H. carvalhoi 529, 18m+18sm+8st+8a ¢ Centofante et al., 2006
534 17m+18sm+8st+10a &

H. absaberi 2362 13m+23sm+16st+10a Rodrigues, 2010

H. longipinna 9358 16m+12sm+16st+14a Blanco et al., 2012

H. torrenticola 56 16m+10sm+16st+14a Blanco et al., 2013

H. punctata 589, 16m+20sm+12st+10a @ Blanco et al., 2014
573 16m+21sm+12st+8a 3

H. gracilis Q458 20m+22sm+8st+8a Blanco et al., 2017

H. intermontana 562, 14m+12sm+12st+14a Deon et al., 2020
578 13m+12sm+13st+15a

Harttiasp. 1 529, 14m+14sm+10st+18a Deon €t al., 2020
534 13m+14sm+10st+20a

Harttia sp. 2 6227 16m+14sm+12st+20a Deon et al., 2020




2 Justificativa e objetivos
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Conforme destacado, os Siluriformes oferecem um modelo particular para estudos
sisteméticos, biogeogréficos e evolutivos. Entretanto, dados informativos e de interesse para
estas abordagens, tais como caracteres citogenéticos e gendmicos, sdo ainda deficientes para os
Siluriformes como um todo, especialmente em membros da tribo Hartiini. No género Harttia,
lacunas importantes na caracterizagdo citogendmica, principalmente em espécies da regido
Amazonica e do Escudo das Guianas sdo observadas, dém da escassez de trabalhos
comparativos no grupo como um todo. Em especial, as filogenias molecul ares e morfol dgicas
ndo englobam todaadiversidade de Harttia investigada pela citogenética, o quedificultaaclara
identificagdo dos caminhos evolutivos percorridos pelo grupo. Desta maneira, a presente tese
objetivou estudar a evolugdo citogendmica em Harttia, tragando paralelos com a evolucéo da
familia Loricariidae e de demais peixes Neotropicais. Para isso, utilizaremos a abordagem da
citogendmica comparativa, combinando dados cromossdmicos, gendmicos, filogeogréficos e
sisteméticos. Tais procedimentos possibilitaram uma melhor compreensdo dos mecanismos de
evolucdo gendmica e cromossdmica destas espécies, em consonancia com as seguintes

propostas investigativas:

A) Citogendmica evolutiva no género Harttia

Apenas oito espécies do género Harttia apresentam dados citogenéticos descritos na
literatura. Sendo assim, esta tese objetivou a expansdo deste nimero pela caracterizagéo de
outras espécies do género Harttia, com destaque para espécies das regibes Amazonica e do
Escudo das Guianas, utilizando procedimentos citogenéticos classicos e moleculares (por
exemplo, bandamento C, CGH, WCP e mapeamento de sequencias repetitivas) destacando
caracteristicas genbmicas inter- e intraespecificas, permitindo evidenciar o panorama da
evolucdo cromossdmica ocorrida neste grupo. Além disso, ancoramos os dados citogendmicos
em uma filogenia que inclui todas as espécies analisadas pela citogenética, visando responder

quais os principais rearranjos que moldaram o cari6tipo das espécies de Harttia.

B) I nvestigacgao dos sistemas de cr omossomos sexuais de Harttia

No género Harttia, dois sistemas sexuais multiplos sdo encontrados (X 1X 1 X2X 2/ X1X2Y
e XX/XY1Y2) dentre as oito espécies citogeneticamente anaisadas. Assim, foram realizados
experimentos de pintura cromossdomica (WCP) com sondas obtidas por microdisseccéo
cromossdmica de cromossomos sexuais, visando elucidar os mecanismos de origem destes
sistemas sexuais multiplos presentes em diferentes espécies do género Hartiia, bem como a

putativa identificaco de cromossomos sexuais nas demais espécies ndo portadoras de
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cromossomos sexuais heteromérficos. Foram também realizados experimentos de hibridizagdo
gendmica comparativa (CGH) intraespecifica, visando a comparagdo gendmica entre 0s sexos
e buscando identificar a ocorréncia de regides sexo-especificas. Ademais, investigamos a
existéncia de marcadores ligados a0 sexo nestas espécies, almegjando responder aos seguintes
questionamentos. Quais S&80 0S CromossOMOoS Sexuais entre as espéecies que apresentam
cariétipos homomorficos entre sexos? Proto-cromossomos sexuais poderiam ser evidenciados
entre as espéci es destes grupos com base em metodol ogias mais resol utivas, fundamentadas na
citogendmica? A diferenciacdo dos cromossomos sexuais, embora evidenciando diferentes
estégios evolutivos, estaria presente nas espécies do género Harttia como um todo, ndo sendo,
portanto, um atributo de apenas algumas de suas espécies? Qual a composicdo dos

Cromossomos sexuais e quais as diferencas entre sistemas simples e multiplos?

C) Histéria demogr &fica e filogeogr afia de Harttia

Estudar os principios e processos que determinam adistribui¢cdo geogréfica de linhagens
geneal6gicas de Harttia € essencial para uma compreensdo mais abrangente do seu processo
evolutivo. Dada a sua distribuicéo pelo Brasil, pelas Guianas e Suriname, além da presenca de
grupos irmaos em todo o continente Sul-Americano, objetivamos estudar a colonizagéo das
bacias, investigando os centros de dispersdo e 0s processos historicos que levaram a presente
distribuicdo. Além disso, analisamos tais dados em conjunto aos dados de evolucdo
cromossdmica, modelando a evolugdo do nimero de cromossomos e correlacionando aos
processos biogeograficos. Com isso, objetivamos responder: qual 0 nimero cromossdémico
ancestral do género? Quais eventos biogeograficos podem ser correl acionados com aidade dos
rearranjos cromossomicos? Quai s eventos biogeogréficos determinaram aatua distribuicdo das

espécies de Harttia?
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3 Material e Métodos
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3.1 Material

No presente estudo, amostras de espécies de Harttia foram col etadas em seus ambientes
naturais (Tabela 3, Figura 6), com énfase em espécies distribuidas naregido Norte do Brasil.
As coletas (Figura 7) foram realizadas em duas incursdes. a primeira na Serra do Cachimbo,
no distrito de Cachoeira da Serra em Altamira - PA, realizada em 2019 entre 0os meses de
setembro e outubro. Esta regido, localizada na borda norte do Escudo Brasileiro, € de grande
importancia ecol 0gi ca dada a suas montanhas que atingem 740 m de altitude e dividem as bacias
do Xingu e Tapaj6s. Logramos éxito na coleta de individuos de H. rondoni, H. villasboas e de
Harttia sp. 3 Rio do Peixe — PA. JA a segunda expedicéo foi realizada no ano de 2020, entre os
meses de outubro e novembro, percorrendo os municipios paraenses Alenquer, Canad dos
Cargjés e Rurdpolis, onde foram col etadas as espécies H. dissidens, H. fowleri, e H. guianensis.
Esta segunda expedicdo focou na bacia do rio Tapgjos, aém de drenagens do Escudo das

Guianas, nabacia Amazébnica.

Baciat Hidrograficas P T Ak Harttia rondoni
Brmezanae . I
B Orenagens do Norte do Pard
B Toga o
Wrog
Wiounturs-Aaguiia
| (RESITITETY
B Tocanmns
Osso risecoss -
M Alta SAn Francive % B e
B pan -t 4
=n:«o » ® Harttia villasboas
"
Baada do sl o

Figura 6. Mapa do Brasil (A), com a representaco dos pontos de coleta amostrados durante o desenvolvimento
destatese. Localidades amostradas (circul os brancos) e suas respectivas espécies (nimeros conforme Tabela 3) e
demais pontos de amostras previamente coletadas utilizadas na presente tese (circulos vermelhos). S&o
apresentadas as divisdes de bacias e sub-bacias conforme HydroSheds (L ehner et al., 2008). Fotos representativas

das espécies analisadas na presente tese (B), gentilmente cedidas pelo Dr. Osvaldo Oyakawa - MZUSP.
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Tabela 3. Espécies amostradas no presente estudo, destacando as localidades amostradas, com as respectivas

coordenadas geogréficas e bacia hidrogréfica, além do nimero de espécimens coletados (N) e nimero de voucher

dos museus. Amostras previamente coletadas encontram-se indicadas com asterisco.

Espécie Local Bacia Coordenadas N Voucher
1 - Harttia dissidens |garapé Tambor, Tapaj6s 04°5'37.8'S 079 INPA-ICT
Rurépolis - PA 55°0'30.2'W 253 059577
2 - H. duriventris Rio Parauapebas, Canad  Tocantins- 06°30'06.5'S 089 MZUSP
dos Cargjés - PA Araguaia 50°02'35.3'"W 074 126598
3 - H. fowleri Rio Maicuru, Alenquer - Amazonas 01°36'32.3'S
PA 54°22'28.5"W i
4 - H. guianensis | garapé Paraiso, Amazonas 01°29'02.2'S 069 INPA-ICT
Alenquer - PA 54°50'31.2"W 104 059584
5 - H. rondoni Rio 13 de Maio, Xingu 08°3853.0'S 1592 MZUSP
Altamira— PA 55°01'41.0'W 1443 111385
6 - H. villashoas Rio Curug, Altamira- Xingu 08°44'09.0'S 349 MZUSP
PA 54°57'46.0"W 384 126599
7 - Harttia sp. 3 Rio do Peixe, Altamira - Tapajés 08°39'20.7'S 119 MZUSP
PA 55°09'24.1"W 158 127605
8 - Farlowella sp. Igarapé Tridngulo, Amazonas 15°1043.7"S
Pontese Lacerda- MT 59°17'01.7"W i
*H. carvalhoi Ribeiréo Grande, Paraiba do 22°462.98'S 179  MZUSP
Pindamonhangaba - SP Sul 45°26'7.05"W 124 109782
*H. gracilis Corrego Machadinho, Paraiba do 22°4831"S 189 MZUSP
Santo Antdnio do Pinhal Sul 45°41'21"W 158
-MG 111384
*H. intermontana Rio Piranga, Carandai - Doce 20°59'34.0'S 20Q@ MZUSP
MG 43°43'30.0'W 134 126520
*H. kronei Rio Agungui, Campo Atléntico 25°22'44"'s 109 MZUSP
Largo- PR Sul 49°39'08"'W 054 109783
*H. longipinna Rio S&o Francisco, Séo 17°21'22.8'S 139 MZUSP
Pirapora- MG Francisco 44°51'0.2'"W 1648 106767
*H. loricariformis Rio Paraitinga, Silveiras  Paraiba do 22°52'225'S 079 MZUSP
- SP Sul 44°51'041"'W 0338 111386
*H. punctata Rio Itiquira, Formosa— Tocantins- 15°19'25"S 189 MZUSP
GO Araguaia 47°2526"W 254 111385
*H. torrenticola Rio Araras, Piumhi - MG Sdo 20°26'16.4'S 089 MZUSP
Francisco 45°55'39.8"W 064 109704
*Harttia sp. 1 Ribeirdo dos Macacos, Paraiba do 22°4043'S 109
Silveiras - SP Sul 44°51'25"W 078 i
*Harttia sp. 2 Rio Barra Grande, Parana 24°5840.72"'S 179  MZUSP
Prudentdpolis - PR 51°7'34.25"W 114 126000
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Espécies de Harttia previamente coletadas e disponiveis no banco de amostras do
L aboratdrio de Citogenética Evolutiva da Universidade Federal de S&o Carlos foram utilizadas
para andlises comparativas, compreendendo um conjunto de dados final composto por 17
espécies (60,7% da rigueza do género). Além disso, coletamos exemplares de Farlowella sp.
em Pontese Lacerda— MT, parautilizacdo como grupo-externo nas andlises moleculares. Todas
as col etas foram realizadas com autorizagcdo da agéncia de controle ambiental ICMBIO/SISBIO
(Licenca N° 48628-2) e SISGEN (AA80B9E) e todos os procedimentos seguiram as condutas
éticas e de anestesia aprovadas pelo Comité de Etica em Experimentacdio e Uso Animal da
Universidade Federal de S&o Carlos (Processo CEUA 1853260315).

Os animais foram coletados com o auxilio de redes do tipo tarrafa, além de peneiréo.
Todas as coletas foram realizadas em periodo diurno, ja que coletas noturnas ndo foram bem-
sucedidas nacapturade Harttia. Durante acoleta, os peixesforam mantidos em bal des contendo
agua do préprio corpo d’agua onde se encontravam, com oxigenagao fornecida por aeradores a
pilha. Sacos plésticos contendo 30% do volume total de agua e completado com oxigénio puro
foram utilizados para o transporte dos animais vivos até o local de obtencdo dos materiais
genéticos. Os animais entdo foram eutanasiados pela imersdo em solugdo de Eugenol 3% e
posteriormente fixados em formaldeido 10% por 48h até a sua final conservacéo em etanol
70%. A identificacgo e deposito das espécies foram realizadas pelo Dr. Osvaldo Oyakawa
(Museu de Zoologia da Universidade de S&o Paulo - MZUSP) e pela Dra. Lucia Helena Rapp
Py-Danid (Instituto Nacional de Pesquisas da Amazénia - INPA). As espécies Harttia sp. 1
Ribeirdo dos Macacos - SP, Harttia sp. 2 Rio Barra Grande — PR, e Harttia sp. 3 Rio do Peixe
- PA correspondem a unidades taxonémicas cuja identificacdo morfologica néo foi suficiente
paraumaal ocacdo as espécies conhecidas, cujavariacdo citogenética e molecular sdo abordadas

ao longo desta tese.
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3.2 Méodos
3.2.1 Revisdo bibliogr&fica de L oricariidae

Conduzimos um levantamento bibliografico no Google Scholar dos artigos publicados
até Dezembro de 2023, utilizando como paavras-chave ‘“cytogenetics Loricariidae” e
“chromosomes Loricariidac”. Durante a busca, artigos duplicados e sem informagdo de
cari6tipo foram excluidos de nossas andlises (e.g. Traldi et al., 2019 realiza o mapeamento de
sequéncias repetitivas em diversas espécies da familia, porém ndo apresenta dados de 2n e
estrutura cariotipica). Foram incluidos todos os artigos publicados de 1968 a 2023 em revistas
cientificas, de onde extraimos informagdes citogenéticas e biogeogréficas, como o 2n, nimero
fundamental (FN), férmula cariotipica (KF), sistema de cromossomos sexuais (SCS) e sitios de
AgNOR/18S DNAr (classificados entre simples e mltipl os).

Além disso, a localidade e as coordenadas geograficas das populacfes investigadas
também foram compiladas, com o home da cidade, estado e pais indicados de acordo com as
coordenadas fornecidas nos artigos. Os nomes das espécies e familias foram verificados no
Catdlogo de Peixes de Eschmeyer (Fricke et al., 2023) e atualizados conforme os nomes
validos. Paraos artigos em que as coordenadas geograficas estavam disponiveis, plotamos esses

pontos de amostra em mapas usando o0 QGIS 3.28.2.

3.2.1 Obtencéo cromossdmica, extracéo de DNA e bandamento-C

As preparacfes de cromossomos mitoticos foram obtidas do rim anterior por meio do
método convencional air drying (Bertollo et al., 1978; Bertollo et al., 2015). Utilizamos a
combinacdo de dois métodos para a obtencéo a depender das condi¢des do local de preparacéo,
visto que alguns espécimens foram preparados em campo e outros em laboratério. Destaforma,
0 primeiro protocolo, mais comumente utilizado em campo, iniciou-se com a injecao intra-
abdominal de 200ul de Colchicina 0,0125% e manutencdo em aquério por 45 minutos, até a
transferéncia paraa solucéo anestésica de Eugenol 3%. Os fragmentos de rim foram removidos
e transferidos para 7 ml de KCI 0,075M, prosseguindo-se para a dissociagdo completa pela
aspiracdo e devolucao repetida com auxilio de seringa de 5ml. Esta solucédo é mantida a 32-38
°C (temperatura ambiente nos meses e localidades de col eta) por 20 a 25 min, até sua prefixacéo
pela aplicacéo de 1 ml de fixador Carnoy 1l (3:1 metanol, &cido acético) recém preparado e
gelado. O materia foi entdo mantido em temperatura ambiente por 5 min antes de sua
centrifugacdo a 1.000 rpm por 10 min. Em seguida, o sobrenadante foi removido e substituido

no mesmo volume por fixador Carnoy Il gelado. Usual mente, este processo foi repetido de duas
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atrés vezes, até o clareamento completo do pellet. Por fim, o pellet foi ressuspendido em 1,5
ml de fixador e armazenado em freezer a-18 °C.

Ja o segundo protocolo parte da anestesia dos animais, seguido da remocgdo do rim e
transferéncia para solucdo de RPMI previamente aquecida a 37 °C. O material entdo foi
dissociado e 40 l de Colchicina 0,0125% foram acrescidos, prosseguindo-se aincubagdo em
estufaa 37 °C por 25 min. O sobrenadante entdo foi removido apos centrifugacéo a 1.000 rpm
por 10 min e o pellet ressuspendido em 7 ml de KCI 0,075M. Apds 20 min de incubagdo a 37
°C, 1 ml de fixador Carnoy Il gelado foi acrescentado e ressuspendidos ao material, com
incubacao por 10 min em temperatura ambiente. O protocolo se encerra da mesma forma que
anteriormente descrito, com lavagens sucessivas e armazenamento final em 1,5 ml de fixador.

Para as andlises citogenéticas, |aminas foram preparadas utilizando vapor e aquecimento
em conjunto com gotas de fixador para garantir o espalhamento do material. Em uma placa
aquecedora a 55 °C, embebemos um pedaco de papel em agua destilada, dobrando as
extremidades para criar um suporte paraalamina, que foi posicionada com aface voltada para
baixo, permitindo o acimulo de vapor. Com o vapor acumulado, alamina é desvirada e aplica-
se 20 yl da preparacdo cromossdmica. Em seguida, 10 pl de fixador Carnoy |1 foi aplicado sob
o materia, procedendo-se a incubacdo em uma regido seca da placa aquecedora por 40s,
seguindo de secagem compl eta em temperatura ambiente. Entéo, as|aminasforam coradas com
2,5 ml de Giemsa 5% por 8 minutos e verificadas em microscopiade campo claro. Paragarantir
a aplicacdo de técnicas em sequéncia, laminas de referéncia foram criadas utilizando uma
l&mina de vidro com adesivo branco. Assim que as metéfases eram encontradas, a lamina com
a preparacdo cromossomica é removida sem alterar a posi¢éo da platina. Em seguida, alamina
de referéncia é posicionada, o potenciémetro aternado para o maximo e o diafragma fechado,
criando um ponto de luz que € marcado com |apis ou caneta. Este por sua vez correspondera
completamente ao local da metafase nalamina com a preparacéo cromossdmica, facilitando as
analises sequenciais em microscopia de fluorescéncia. Para a remocgao do Giemsa, as |aminas
foram incubadas em fixador Carnoy Il por 15 min, lavadas com agua destilada e secas em
temperatura ambiente.

Para a criagdo de bandas de heterocromatina constitutiva, seguimos o protocolo de
Sumner (1972). Aslaminas descoradas foram submersasem HCl 0,2 N a42 °C por 12 min. Em
seguida, transferidas para solucédo aquosa a42 °C de hidroxido de bario (Ba (OH)2 x8H20) 5%
recém-preparadaefiltrada, por 3 min. Parainterromper aagdo da solucdo de hidroxido de bario,
as l&minas foram rapidamente lavadas em solucdo de HCI 0,2N, enxaguadas em &gua corrente

e apos leve secagem ao ar, transferidas para solucéo salina 2xSSC em estufa a 60 °C durante
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45 min. Por fim, as |@minas foram lavadas em agua corrente e, ap0os secas, coradas com 20 pl
de Antifanding + 0.7l de lodeto de Propidio (50ug/mL), seguindo Lui et al. (2012) paratornar
as regies heterocrométicas mais evidentes.

Durante a remocdo dos fragmentos de rim para obtencdo cromossdmica, amostras de
figado e coracdo foram obtidas e preservadas em etanol absoluto a -18 °C, para posterior
submiss&o ao protocolo de extragdo de DNA por fenol-clorof ormio:isoamilodlcool (Sambrook
e Russel, 2001). Em resumo, os tecidos foram secos e triturados em tubo de 2 ml paraadigestéo
abb °C com o mix de digestédo (EDTA 0,5M, NaCl 5M, TrisHCI 2M, Proteinase K, H20 Mili-
Q, e SDS 10%). Ap6s a digestdo completa, 500 pL de solucdo de Fenol (2 mL Fenol + 1920 pl
Cloro + 80 pl de Alcool para 8 eppendorfs, pH: 8.0) foi adicionada. O tubo foi agitado
lentamente por 10 min e em seguida centrifugado a 13.000 rpm por 20 min. O sobrenadante foi
transferido para um segundo tubo, onde se aplicou 1/10 do volume de NaCl 5M (geramente,
50 pl) + 1.000 pl de Etanol Baker 100% gelado. Em seguida, o material foi centrifugado a
13.000 rpm por 10 min, o sobrenadante removido, e o pellet de DNA lavado com 50 pl de
etanol 70% gelado. Por fim, uma nova centrifugacéo permitiu a remocéo do etanol e secagem
do pellet em temperatura ambiente, para a ressuspensao final em 30 a50 pl de T.E. (Tris-HCI
10mM; EDTA 1mM). Para garantir a pureza do DNA extraido, realizamos o tratamento com
RNAse A a 37 °C por 1h.

3.2.2 Hibridizacdo Fluorescentein situ (FISH)

O protocolo de FISH utilizado na presente tese € o resultado da aplicacdo dos principios
técnicos de Pinkel et al. (1986) somados a modificacbes para obtencdo das sondas,
concentragbes de reagentes e tempo de tratamentos utilizados em diversos trabalhos de
citogenéticade peixes. Todas essas modificacdes foram compiladas durante o desenvolvimento
desta tese em um capitulo de livro (Sassi et al., 2023), gue se encontra anexado ao material
suplementar (Anexo S1), visto que, por questdes de direitos autorais, ndo € possivel anexé-lo
ao documento principal.

Para a caracterizac8o citogenética e andises comparativas, utilizamos sondas
preparadas em mix de hibridizagdo, que pode ser armazenado a -20 °C e utilizado
posteriormente. Para a preparacdo do mix, dissolvemos 2g de sulfato de sodio dextrano em 10
ml de 50% formamida deionizada/2xSSC/50 mM tampéo fosfato por 3h a 70 °C. O pH foi
gustado a 7 com tampéo fosfato e a solucéo foi distribuida em tubos de 2 ml e armazenada em
freezer. Sequencias de DNAS ribossomais (5S e 18S DNAr), microssatélites ((CA)1s, (GA)1s,
(A)z0), e do teldmero (TTAGGG)n foram utilizadas. As sondas de DNAr correspondem as
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sequéncias previamente isoladas do genoma de Hoplias malabaricus (Characiformes,
Erythrinidae) que estdo clonadas a vetores plasmidiais e propagadas em células de Escherichia
coli DH5a (Invitrogen, San Diego, CA, USA), disponiveis no Laboratério de Citogenémica
Evolutiva da Universidade Federal de Sao Carlos. Enquanto a sonda de 5S DNAr inclui um
fragmento de 120 pares de base (pb) do gene e outro de 200pb do espacador n&o-transcrito
(NTS), asonda de 18S DNATr apresenta somente um fragmento de 1400pb do gene (Martins et
al., 2006; Cioffi et al., 2009). Os produtos de PCR destas sondas foram marcados com
nucleotideos fluorescentes utilizando um kit comercial de nick-translation (Jena Biosciences,
Jena, Alemanha) com os fluoréforos Atto550-dUTP (554-576 nm) parao 5S DNAr e Atto488-
dUTP (501-523 nm) para o 18S. Ja para a sequéncia telomérica, foi utilizado uma sonda
comercial DAKO Telomere PNA FISH Kit/FITC (DAKO, Glostrup, Dinamarca), enquanto os
microssatélites foram diretamente marcados com Cy3 (Sigma-Aldrich, Darmstadt, Alemanha)
durante a sintese (Kubat et al., 2008).
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Dial

10.

11.

12.

Protocolo Fish-FISH (Sassi et al., 2023)

Aplique a preparacéo cromossdmicaem laminas de vidro limpas;

Incube as laminas por 1h a 60 °C em uma Jarrade Coplin;

Aplique 100 pl dasolucéo de RNAse (1,5 pl RNAse A em 100 pl de 2xSSC) por [amina
e cubra com laminula 24x60mm. Incube a 37 °C por 1h30min em uma camara Umidae
escura.

Em paralelo, cologue 1 ml de dd-H20 + 10 pl deHCI 0,1 M paraaquecer a37 °C e, em
uma Jarra de Coplin, coloque o tamp&o de desnaturacéo (70% (v/v) formamida
deionizada, 20% (v/v) dd-H20, 10% (v/v) 20xSSC) para aquecer em banho mariaa 72
°C:

Apbs o tempo de incubacdo da RNAse, remova alaminula e lave alamina sob agitacéo
em 1xPBS por 5 min em temperatura ambiente;

Adicione 3 pl de pepsina (20mg/pl) no tubo de H2O+HCI previamente aguecido e
homogeneize. Aplique 100 pl desta solugdo nas |aminas ainda Umidas da etapa anterior
e cubra com laminula 24x60mm. Incube por 10 min a 37 °C em uma camara Umida e
escurg;

Remova a laminula e lave a lamina em agitacdo em 1xPBS por 5 min em temperatura
ambiente;

Rapidamente submerja as |aminas em agua destilada e desidrate-as em série alcodlica
(etanol 70%, 85%, e 100% por 2 min cada) em temperatura ambiente. Seque
completamente as |aminas ao ar.

Desnature os cromossomos aplicados nalamina pela submersdo das [aminas no tampéo
de desnaturacdo previamente aquecido a 72 °C por 3min 15s.

Imediatamente apos o0 tempo, transfira a lamina para etanol 70% a -20 °C por 3 min,
completando a série acodlica em etanol 85% e 100% por 2 min cada em temperatura
ambiente. Seque completamente as |aminas ao ar.

Desnature 0 mix de hibridizagdo em termociclador a 85 °C por 10 min, seguido de
resfriamento a4 °C por ao menos 2 min antes da aplicagdo nas |aminas.

Aplique 20 gl do mix de hibridizag&o (sondas + tamp&o de hibridizagdo) nas |aminas e
cubra com laminula 24x50mm. Incube a 37 °C por 16 a 24h.
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13. Aquegaumajarrade Coplin com 1xSSC a65 °C, removaas|aminulaselave aslaminas
por 5 min em agitacao;

14. Transfiraas|aminas para o tampé&o de lavagem (4xSSC/ 0,05% Tween) elave por 5 min
sob agitacéo;

15. Lave as laminas em 1xPBS por 1 min sob agitacdo e apos, submerja rapidamente em
agua destilada;

16. Desidrate-as em série alcodlica (etanol 70%, 85%, e 100% por 2 min cada) em
temperatura ambiente. Seque completamente as laminas ao ar.

17. Aplique 20 pl de DAPI+ antifading (Vector Laboratories, Burlingame, EUA), cubra
com laminula 24x50mm e estabilize a 4 °C por 30 min antes de observar em

microscopia de fluorescéncia.

A depender do grau de dano aos cromossomos durante a técnica de FISH, que sera
influenciado pelo estado de fixacdo dos cromossomos, uma segunda rodada de hibridizacéo
pode ser realizada apds a desmontagem da hibridizacdo anterior. Apods este processo, € possivel

retomar o protocolo Fish-FISH da etapa 9 (desnaturagdo dos cromossomos).

1. Remova a laminula com cuidado e lave a lamina duas vezes sob intensa agitacéo
por 5 min em 1xSSC a 65 °C (utilize duas cubetas contendo a solucéo);

2. Repita 0 processo acima, porém em tampdo de lavagem (4xSSC/Tween), a
temperatura ambiente;

3. Lave aslaminas em 1xPBS por 1 min sob agitacdo e apds, submerja rapidamente
em &gua destilada;

4. Desidrate-as em série acodlica (etanol 70%, 85%, e 100% por 2 min cada) em

temperatura ambiente. Seque completamente as laminas ao ar.

Com este protocolo, além da hibridizagcdo de sequéncias repetitivas para fins de
caracterizagdo do caridtipo, comparages interespecificas e de prospeccdo de cromossomos
sexuais pela diferenca de marcadores entre 0s sexos, podemos realizar pequenas modificactes
para aplicacdo nas técnicas a seguir, baseadas na FISH.

53



790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815

816
817
818
819
820
821
822

3.2.3 Hibridizacdo Gendmica Compar ativa (CGH)

Para o procedimento de CGH, utilizamos como sonda 500 ng de DNA total de cada
espécie, submetido a marcacdo por nick-trandation (Jena Biosciences, Jena, Alemanha), em
umareacdo de 3nh30min a 15 °C, utilizando Atto550-dUTP (vermelho), Atto488-dUTP (verde)
ou Atto425-dUTP (ciano). Além disso, Cot-1 DNA ndo-marcado foi obtido por DOP-PCR
(Zwick et al., 1997; Yang & Graphodatsky, 2009) e utilizado como competidor de hibridizagéo,
evitando a hibridizacdo excessivaderegidesrepetitivas ao longo do genoma. Paraexperimentos
intraespecificos (entre sexos), 0 mix de hibridizacdo para cadalémina (20 pl) foi composto de
DNA total derivado de macho e fémea (500 ng cada) acrescido de 25 g de Cot-1 DNA do sexo
oposto ao da preparacdo cromossodmica, visando identificar regides sexo-especificas. O mix de
hibridizacdo foi precipitado aalcool utilizando 5 pl Acetato de S6dio 3M, 10 yl detRNA (Cat.
No.: R8508, Sigma, EUA), e 100 pl de etanol 100% ou isopropilico 100%. Apds 14-16h a-20
°C ou 30 mina-80 °C, os tubos foram centrifugados a 13.000 rpm por 20 min e 0 sobrenadante
descartado. O pellet entdo foi seco a0 ar e ressuspendido no mix de hibridizagdo descrito
anteriormente. Para experimentos interespecificos, utilizamos até trés sondas de DNA total,
mantendo a concentracdo de 500ng de cada espécie, sendo estas do mesmo sexo que a
preparacdo cromossdomica em que sera hibridizada, e 10 pug de Cot-1 DNA de cada espécie
(totalizando 30 pg de blogueadores), porém do sexo oposto ao da preparacdo cromossdmica.
No caso de experimentos interespecificos com apenas duas sondas, utilizamos 15 g de de Cot-
1 DNA de cada.

Durante a desnaturacéo da sonda, utilizamos 85 °C por 10 min, seguido de uma etapa
de pré-anelamento do Cot-1 DNA n&o marcado as sondas a 37 °C por 40 min e de resfriamento
a4 °C por 2 min. Além disso, apds a aplicacdo do mix de hibridizacgo nas |aminas e cobertura
com laminulas, aplicamos cola de borracha para selar as bordas (entre laminula e [amina) e a
hibridizac&o ocorreu em camaraUmidae escuraa 37 °C por 20-40h. Apds o periodo, aslavagens

seguiram o protocolo Fish-FISH, porém com duplalavagem na primeira etapa (PBS 1x 65°C).

3.2.4 Pintura Cromossdmica Total (WCP)

Quatro sondas foram utilizadas nos experimentos de pintura cromossdmicatotal, sendo
duas derivadas de Harttia carvalhoi e duas de H. punctata. No primeiro cenério, 0 maior
cromossomo metacéntrico (X) e o maior submetacéntrico (par 9) de H. carvalhoi foram
selecionados, dado que ambos fazem parte das duas formas variantes do sistema mditiplo
XXIXY1Y2 (Deon et al., 2022a, b). JA para H. punctata, os cromossomos X1 e X foram

selecionados, visto que apresentam heteromorfismo (Blanco et al., 2014). Os cromossomos
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foram microdissectados com agulha de vidro, onde 15 cOpias de cada alvo foram capturadas
em um microscopio invertido (Zeiss Axiovert 135). O DNA obtido foi amplificado em uma
reacdo de DOP-PCR seguindo Yang et al. (2009). Uma segunda amplificacdo em DOP-PCR
foi realizada, utilizando como molde 1 gl do produto inicialmente amplificado, para marcacéo
fluorescente das sondas. Desta forma, cromossomos foram marcados com Spectrum Orange-
dUTP (vermelho) ou Spectrum Green-dUTP (verde) (Vysis, Downers Grove, EUA).

Para as hibridizactes, foram utilizados 200ng de cada sonda de pintura e 20 g de Cot-
1 DNA derivado da espécie doadora dos cromossomos como sonda. A desnaturag&o seguiu 0
mesmo protocolo do CGH, com 45 min de pré-anelamento da sonda ao Cot-1 DNA e a
hibridizac&o ocorreu por 48h a37 °C em camaraUmida. Aslavagens pos hibridizagdo seguiram
as mesmas para o0 CGH e, ao fim, 20 yl de DAPI+ Vectashield (Vector Laboratories,
Burlingame, EUA) foram aplicados como contracorante de visualizagdo em microscopia de

fluorescéncia.

3.2.5 Satelitoma

Selecionamos quatro espécies com sistemas homaol 0gos de cromossomos sexuais, para
o isolamento da bibliotecade DNAs satélites (sstDNAs = satelitoma) presentes nestas espécies.
O DNA tota de H. duriventris, H. rondoni, H. villasboas, e H. punctata foi extraido e
posteriormente sequenciado em BGISEQ-500 (BGI Genomics, Shenzhen, China) gerando
sequéncias de leitura curta de final emparelhado (pair-end) de 2 x 150 bp. ParaH. villasboas e
H. rondoni, machos e fémeas foram sequenciados, enquanto para H. duriventris e H. punctata,
apenas amostras de machos foram sequenciadas.

As sequéncias obtidas foram aparadas com Trimmomatic (Bolger et al., 2014) para a
selecdo de leituras com Q > 20 para todos 0s nucleotideos, assim como para a remocéo de
adaptadores de sequenciamento. O satelitoma foi caracterizado pela sucessiva iteracéo da
ferramenta TAREAN (Novék et al., 2017), que criagraficos De Brujin a partir das sequéncias,
onde apenas aquelas com ata similaridade e cobertura formam gréficos circulares, que séo
sel ecionados como sequéncias repetitivas. As sucessivas iteragcdes procederam com afiltragem
via DeconSeq (Schmieder & Edwards, 2011) das leituras com similaridade aos DNA satélites
(satDNA) obtidos, até que nenhum satlDNA sgja recuperado. Estimamos a abundancia e
divergénciade cadasatDNA ao mascarar asleituras compl etas de machos e fémeas (10,000,000
reads (2x5,000,000)) contra o satelitoma utilizando o RepeatM asker (Smit et al., 2013), com o
script (https://github.com/fjruizruano/satminer/blob/master/repeat_masker_run_big.py).

Ordenados pela abundancia, nomeamos os satDNAS com a primeira letra do género e as duas
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primeiras | etras do epiteto especifico, seguido do tamanho em pares de base (e.g. HviSat00-000
para H. villasboas, HroSat00-000, HduSat00-000 e HpuSat00-000 para H. rondoni, H.
duriventris e H. punctata, respectivamente). Geramos repeat landscapes (i.e. graficos, de
divergéncia de satDNA considerando a distancia entre sequéncias com base no modelo de
Kimura-2-parametros (K2P)) (Kimura, 1980) via o script calcDivergenceFromAlign.pl no
RepeatM asker. Satélites especificos ao sexo foram indicados quando arazdo da abundancia dos
satDNA entre os sexos foi maior do que 1,2.

Buscamos por homologia entre os satelitomas de Harttia com o script rm_homol ogy
(Ruiz-Ruano et al., 2016), que redliza ainhamentos entre todas as sequéncias com 0
RepeatMasker v 4.0.5 (Smit et al., 2013). Para satDNAs correspondentes entre as especies,
realizamos alinhamentos par-a-par com o ClustalX (Thompson et al., 1997) e revisamos
manualmente. A divergéncia de sequéncia entre as familias de satDNA de cada comparacao
pareada foi calculada seguindo o modelo K2P no software MEGA7 (Kumar et al., 2016). A
taxa de turnover consenso (CTR) foi calculada seguindo aformula: CTR = K /2T, onde T =
tempo de divergéncia (obtido via TimeTree (Kumar et al., 2017)) e K = distancia K2P. Além
disso, paraverificar apresencade satDNAS conservados, os satelitomas foram alinhados contra
acolecdo do NCBI viaBLAST (Altschul et al., 1990). Utilizamos também a Repbase (Bao et
al., 2015) para buscar por homologias com elementos transponiveis, via RepeatMasker (Smit
et al., 2013) com as opgdes “no_low” e “no_is”. Quadros de leitura abertos (ORF) foram
prospectados nos satelitomas com “orfipy” (Singh & Wurtele, 2021) e Geneious 7.1.3,
utilizando o tamanho minimo de 100 pb. As ORF identificadas foram traduzidas para
sequéncias de proteinas com SMS (Stothard, 2000) e buscadas na base de dados NCBI com
BLASTp (Altschul et al., 1997), seguindo pela filtragem por query cover e porcentagem de
identidade > 70%.

Ao longo dos experimentos de mapeamento das sequéncias, alguns sstDNAs chamaram
a atencdo por sua distribuicdo continua em cromossomos sexuais. Desta forma, buscamos
alguns satDNAs como HviSat08-4011 entre as leituras brutas de Illumina de espécies como H.
duriventris e H. punctata, das quais ndo conseguimos isolar sua contraparte homologa com
TAREAN, usando o0  script  disponivel publicamente  mapping_blat_gs.py
(https://github.com/fjruizruano/ngs-protocol s/blob/master/mapping_blat_gs.py). As leituras
brutas de ambas as espécies foram mapeadas e quantificadas em relacéo a cada duas partes
descritas em HviSat08-4011 usando o script repeat_masker_run_big.py, conforme descrito

acima
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Desenhamos primers para oito dos mais abundantes satDNAs de H. villasboas.
Selecionamos essa espécie para a construcdo de sondas, uma vez que apresenta o0 sistema
multiplo X1X2Y e esta mais intimamente relacionada a espécie portadora do sistema simples
XY H. rondoni (quando comparadaaH. duriventriseH. punctata segundo filogenias de Covain
et al. (2016) e Londofio-Burbano & Reis (2021)), o que nos permite inferir o papel dos
rearranjos que ocorreram no clado. As sequéncias de consenso para cada um desses satDNAs
foram investigadas manualmente para o desenho de primers de PCR (Tabela 4). Em seguida,
os satDNAs foram amplificados por PCR usando uma etapa de desnaturacéo inicial de 95 °C
por 5 min, 30-35 ciclos a 95 °C durante 20 s, com 39,1-54,2 °C como temperatura de
anelamento durante 40 s, 72 °C durante 30 s e uma etapa de extensdo final de 10 min. Os
produtos de PCR resultantes foram verificados em um gel de agarose a 1% para confirmar o
padrdo de escada tipico caracteristico dos satDNAs. As sequéncias foram depositadas no
Genbank (Numeros de acesso: OR827473-OR827555).

Tabela 4. CondicOes ideais para amplificagdo por PCR dos satélites de Harttia villasboas (primers, temperatura,
e concentragcdo de DNA molde).

Variacdo de [DNA]
Satélite Primer F Primer R temperatura de
ng/ul
anelamento
HviSat0l 5’GAAACCCAGGCAAAA 5’CCTTCATACTCCCATG 56 °C-48°C 100
GTTCA TAGCT
HviSat02 5’GGCTGAATTTTGCTGT 5’CCATAATGACGTCCCT 56 °C-48°C 100
GACAC CACC
HviSat03 5’ACACTCATGACACTAT 5’CGGATTGTGCCCAGTA 62.9°C-58°C 100, 10,
CCCGT GCGTT orl
HviSat04 5’TCGGCCAAAATACAG 5’TTCCAGACGGCTGATG 66 °C-58°C 100, 10
ACTGCA GCTTG orl
HviSat05 5’ACGAAACTCGCATAT 5’ACACGTACGACTTCG 61.4°C-55°C 100, or
GTCGTT GCTTA 10
HviSat08 5’ACAGAGTCCAAACTG S5’TCTTCTTCTTTTCCTCC 629°C-58°C 100, 10,
AAGAGC ACTG orl
HviSatl3 5’CCACCTCTGCAAAAA  5’TTGATCAGAGGGGTG 64.4°C-58°C 100
CAAGGG CCGTC
HviSatl8 5’CGTTCCGATCGGGGA  5’AGGCGCGTTCGGGGG 69°C-62°C 100

GGTCC ACC
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Paraos experimentos de FISH, os produtos de PCR foram marcados com Atto550-dUTP
ou Atto488-dUTP por nick-translation (Jena Biosciences, Jena, Alemanha). As sondas foram
compostas de 100 ng de cadasatDNA marcado acrescidos de 50% de formamida, 2x SSC, 10%
de SDS, 10% de sulfato dextrano e tampéo de Denhardt apH 7,0 em um volume total de 20 pl.
Os experimentos de FISH foram conduzidos primeiramente em [aminas de H. villasboas com
cada sonda Unica, depois em FISH duplo para espécies irmés H. rondoni, H. duriventris e H.
punctata, além de H. dissidens, H. guianensis e Harttia sp. 3. Apés os resultados dos satDNAs
sondados em cromossomos sexuais, realizamos a pintura cromossdomica completa (WCP),
juntamente com um mapeamento FISH desses satélites, usando sondas derivadas da
microdisseccdo dos cromossomos sexuais de H. punctata (HPU-X1 e HPU-X2), conforme
descrito anteriormente. Para a investigacdo da evolucdo dos cromossomos sexuais, incluimos
duas espécies (H. kronei e H. intermontana) que carregam a condicdo ancestral dos grupos de
ligacdo que compdem os multiplos X1X2Y (ou sgja, HPU-X1 e HPU-X2localizadosem sintenia
NO MeSMO Cromossomo), seguindo os resultados dos experimentos de pintura cromossomica.
Nessas duas Ultimas espécies, mapeamos os HviSatDNAS gue foram encontrados acumulados
NOS CromOossSoMOs sexuai s das quatro princi pais espéci es-alvo e detectamos os grupos de ligacéo
ancestrais por meio do WCP. As sondas foram desnaturadas a 86 °C por 8 min, entdo resfriadas
a4 °C por 2 min antes de serem aplicadas as |aminas. Os procedimentos de hibridizacdo e

lavagens pos-hibridizac&o seguiram os protocol os previamente descritos nesta tese.

3.2.6 Andlises de microscopia

Para todos os experimentos de microscopia de fluorescéncia, utilizamos dois
microscépios distintos para a captura: um Olympus BX53 acoplado a uma camera Cool SNAP
(Olympus Corporation, Ishikawa, Japdo) e o microscopio Axioplan Il (Carl Zeiss Jena GmbH,
Jena, Alemanha), ambos com filtros permitindo a aplicacdo de até quatro cores distintas.
Verificamos os padrdes de hibridizacdo em ao menos 30 metafases por individuo para
confirmagdo dos resultados e utilizamos a classificagdo de cromossomos segundo de Levan et

al. (1964), com adaptacOes sugeridas por Arai (2011) para peixes.

3.2.7 Reconstrucao filogenética e mar cador es ligados ao sexo

Para a reconstrucéo filogenética de Harttia, selecionamos todas as espécies com dados
citogenéticos disponiveis (com excecdo de H. absaberi pela ausénciade amostras) e Farlowella
sp. como grupo externo. Amostras de figado de trés machos e trés fémeas de cada espécie foram

encaminhadas para genotipagem por sequenciamento na Diversity Arrays Technology (DATIT)
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Pty Ltd (University of Canberra, Canberra, Austrdia). DArT-seq usareducéo de complexidade
para aidentificacdo de regides de baixa copia e geralmente ativas do genoma, das quais regibes
ligadas a0 sexo podem ser incluidas, e NGS para a geracdo de milhares de polimorfismos de
nucleotideo Unico (SNP) de até 69 pb e loci SilicoDArT (presenca-auséncia). Em resumo,
amostras de DNA foram digeridas com duas enzimas (Pstl e Sphl) antes da reacéo de ligagéo,
seguidas pela amplificagdo dos fragmentos ligados em 30 rodadas de PCR e aplicadas ao
[lumina HiSeq2000 para o sequenciamento de leitura tnica. Filtragem e controle de qualidade
também foram redlizados pela empresa, descartando quaisquer resultados com
reprodutibilidade < 90% e profundidade de leitura < 3,5 para SNPs e < 5 para marcadores
SilicoDATT.

Os marcadores ligados ao sexo foram obtidos pela aplicacéo do pipeline proposto por
Lambert et al. (2016). Com o Microsoft Excel (Office 365, Microsoft Corporation), primeiro
organizamos 0s SNPs por espécie e sexo de forma que machos e fémeas fossem organizados
em blocos distintos. Para cada linha, representando cada individuo para um aelo especifico,
usamos a funcdo ‘countif’ para contar todos os resultados heterozigotos (2) para machos ou
fémeas, usando como contrapartida a contagem de resultados homozigotos (para a referéncia
“0” ou o SNP “1”). Esses SNPs ligados ao sexo foram entdo organizados em uma segunda
planilha, transformados em um arquivo “.fasta” e pesquisados via BLAST contra a cole¢éo
NCBI para verificar possivel homologia com genes anotados ou regifes cromossdmicas. Em
seguida, usando o pacote dartR (Gruber et al., 2018; Mijangos et al., 2022), criamos um objeto
“genlight” combinando os dados de SNP com informagdes de sexo dos individuos,
prosseguindo com afiltragem de loci com alelo nulo com limite de 0,85 antes de executar uma
Andlise de Componentes Principais (PCA) para SNPs autossdmicos e ligados ao sexo.

Utilizamos o método de maxima verossimilhanca no software RAXML-NG (Kozlov et
al., 2019) para a reconstrucao filogenética das espécies com o modelo HKY +1+G4. O modelo
foi selecionado com Model Test-NG a partir de 203 modelos de submatrizes GTR (Darriba et
al., 2020) e apresentou 0 menor AIC (238039,1556). Filtramos os dados de SNPs por callrate
a 0,85 e removemos os marcadores sob selecdo identificados com o0 BAYESCAN (Foll &
Gaggiotti, 2008), resultando em um conjunto de dados com 1.375 sequéncias informativas para
areconstrucao filogenética. Usando o pacote dartR (Gruber et al., 2018), na fungéao “gl.2.fasta”
e concatenamos as sequéncias, exportando em formato “.fasta’ para a andlise, resultando em
uma sequéncia com 76.915 pb. No RAXML-NG construimos 50 arvores iniciais de maxima
verossimilhanca e 50 &rvores de méxima parcimoénia, gerando a melhor arvore para todas as

iniciais (menor valor de log-likelihood). Entéo, realizamos 200 bootstraps ndo paramétricos e
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mapeamos na melhor arvore usando o comando “raxml-ng --support”. A &vore fina foi entdo
enral zada posteriormente, seguindo recomendacdo de Kozlov et al. (2019), utilizando o FigTree
v1.4.4 (Rambaut et al., 2018).

3.2.8 Modelagens de histéria demogr &fica e evolugdo cromossdmica

A partir da érvore final concatenada por espécie, realizamos modelagens da historia
demografica utilizando o BioGeoBEARS (Matzke, 2013; Dupin et al., 2017). As estimativas
de distribuicdo ancestral foram baseadas em trés modelos. DEC (Ree e Smith, 2008), que
modela evolugdo como um processo discreto mediado por dispersdo, extingdo local e
cladogénese (Ree e Smith, 2008), DIVALIKE (Ronquist 1997), andlise de disperséo e
vicariancia por verossimilhanca, e BAYAREALIKE (Landis et al., 2013), que utiliza andlise
bayesiana para inferéncia biogeografica. Considerando que a historia demografica de peixes
nado permite saltos de dispersdo (pulo anovaéreade ocorréncia sem dispersdo prévia e expansao
de &red), visto que sdo dependentes das conexdes entre bacias, excluimos o parémetro j das
andlises, assim como recomendado por diversos autores (Rabosky et al., 2014; Ree &
Sanmartin, 2018; Cassemiro et al., 2023). Desta forma, utilizamos a delimitacdo de bacias
disponivel no HydroSHEDS (L ehner et al., 2008) para a delimitacéo das &reas biogeogréficas
de ocorréncia, resultando em sete areas (Guianas, Amazonas, Tocantins-Araguaia, Parang, Sao
Francisco, Atlantico Leste e Atlantico Sudeste). A comparacdo e selecdo de modelos foi
realizada com base no critério de informacao de Akaike (AIC). O nUmero maximo de areas que
uma espécie pode ocupar (max_range_size) foram trés, seguindo o nimero maximo observado
(2) com adicdo de uma area provavel que pode ter ocorrido no passado, incluindo também o
parémetro nulo que permite a distribuicdo ser igual a zero éress.

Paraamodel agem de evolucdo cromossdmica, utilizamos o ChromEvol (Mayroseet al.,
2010; Glick & Mayrose, 2014). Desta forma, a andlise ocorreu com a tabela de contagem de
nimeros cromossdmicos haploides para cada espécie e a arvore filogenética previamente
obtida. Utilizamos os seis modelos padrdes, que consideram eventos de ganho e perda de
cromossomos ao longo da filogenia (fissOes e fusdes), além de duplicacBes completas ou de
1,5x no genoma. A adequacéo de modelo foi realizada seguindo o teste nativo do software
(Chromevol best model), utilizando o critério deinformac&o de Akaike e o critério corrigido de
informacdo de Akaike (AIC e AICc). Visto que a espécie H. fowleri, apesar de presente na
reconstrucdo filogenética, ndo apresenta dados cromossdmicos, o clado foi removido pelo
software. Utilizando a ferramenta de remocéo de clados disponivel no ChromEvol para clados

sem contagem de nimero cromossomico, testamos a evolugdo cromossdmica incluindo e
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excluindo o grupo-externo, aém de uma terceira andise excluindo tanto o grupo-externo
quanto Harttia sp. 2, visto que os dados cromossdmicos e mol ecul ares sugerem que tal espécie
pode ndo representar uma espécie valida de Harttia. Com isso, almejamos representar 0s
possivels cendrios de evolugdo cromossdmica no grupo, considerando que nossas analises néo
incluem os géneros irméos de Harttia (i.e. Harttiella e Cteniloricaria). As probabilidades de
2n ancestral foram desenhadas aos n6s das &rvores fil ogenéti cas usando RStudio com os pacotes
ggplot2 (Wickham, 2016) e paletteer (Hvitfeldt, 2021), e Adobe Illustrator (Adobe Inc. 2020).

61



4 Resultados e Discussao
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Os resultados e discussdes serdo apresentados no formato de capitul 0s, que resumem os
trabalhos ja publicados derivados desta tese, assim como resultados submetidos e/ou em fase
final de preparacdo para submissio (Tabela 4). Destaca-se que todas as publicacdes foram ou
serdo realizadas em periddicos open access.

No primeiro capitulo “Caracterizacdo citogenética de espécies de Harttia no contexto
daevolucdo cromossdmicade L oricariidae” abordaremos os trabal hos de descri¢do citogenética
(Sassi et al., 2020, 2021), unindo ambos os trabalhos em uma discussdo ampla em conjunto ao
trabalho de revisdo citogenética de Loricariidae (Sassi et al., 2024 in press). Similarmente, o
segundo capitulo “Evolugdo de cromossomos sexuais em Harttia” compila os trabahos
baseados em WCP (Sassi et al., 20233, b) e na caracterizagcdo do satelitoma (artigo em revisao
no periddico Communications Biology). Por fim, o quarto capitulo “Evolugdo citogenémica e
histériademograficaem Harttia” abarca dados referentes a um Unico trabal ho, que estdem fase
final de preparacdo. Ao final, no topico V - Consideragles Finais, serd apresentada uma
discussdo geral englobando todos os trés capitul os.
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Tabela 5. Artigos cientificos derivados da presente tese, detalhados em titulo e revista de publicacdo, destacando

a editora entre parénteses, e organizagdo quanto aos capitul os apresentados e respectivo niimero de anexo paraas

versbes completas.

Capitulo Titulo Periddico Referéncia Anexo
Multiple Sex Chromosomes and
Evolutionary Relationshipsin :
Amazonian Catfishes: The Genes (MDPI) Sasszogtoa' g |
Outstanding Modéel of the Genus
Harttia (Siluriformes: Loricariidae)
1 Adding New Pieces to the Puzzle of
Karyotype Evolution in Harttia . Sass et al.,
(Siluriformes, Loricariidag): Biology (MDPI) 2021 .
Investigation of Amazonian Species
A state-of-art review of . :
Loricariidae (Ostariophysi: |Chi\rl1eoot|r§pl (Easlm) SESZSO' Ze;a] ' 1l
Siluriformes) cytogenetics yology ( )
Turnover of multiple sex
chromosomes in Harttia catfish Frontiersin Sassi et al
(Siluriformes, Loricariidag): a Genetics (Frontiers) 20233 B v
glimpse from whole chromosome
painting
2 Homeology of sex chromosomesin
Amazonian Harttia armored N .
catfishes supports the X-fission i e|_1t|f|c Reports Sass etal., \%
. (Springer-Nature) 2023b
hypothesis for the X1X2Y sex
chromosome system origin
Independent evolution of satellite Communications Sassi et al
DNA sequencesin homologoussex  Biology (Springer- L Vi
chromosomes Nature) (em revisao)
Evolutionary cytogenomics and
3 demographic history in Harttia Inprep Sassi et al.

(Siluriformes, Loricariidae)
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Capitulo 1

Caracterizacao citogenética de espécies de Harttia no

contexto da evolucao cromossdmica em Loricariidae

Este primeiro capitulo compila os resultados e discussdes dos seguintes trabalhos
derivados desta tese que ja se encontram publicados. “Multiple Sex Chromosomes and
Evolutionary Relationships in Amazonian Catfishes: The Outstanding Model of the Genus
Harttia (Siluriformes: Loricariidae)”, publicado no periédico Genes (MDPI, IF 2023 = 2,8)
(Anexo ) e “Adding New Piecesto the Puzze of Karyotype Evolution in Harttia (Sluriformes,
Loricariidae): Investigation of Amazonian Species”, publicado narevista Biology (MDPI, IF
2023 = 3,6) (Anexo I1). Além disso, compilamos os resultados destes trabalhos com todos os
artigos de citogenética da familia Loricariidae publicados até o ano de 2023 no artigo “A state-
of-art review of Loricariidae (Ostaryophysi: Siluriformes) cytogenetics”, publicado narevista
Neotropical Ichthyology (SBI, IF 2023 = 2,0) (Anexo I 11).

No primeiro trabal ho, caracterizamos citogeneticamente e pelaprimeiravez naliteratura
cientifica, as espécies H. duriventris, H. rondoni e H. villasboas, com enfoque na descricéo dos
Cromossomos sexuai s presentes nas trés espécies (Sassi et al., 2020). Ja o segundo trabalho teve
como foco as espécies H. dissidens, H. guianensis, e Harttia sp. 3 (Sassi et al., 2021), que ndo
apresentaram cromossomos sexuai s detectavei s pelas metodol ogias utilizadas. A caracterizacdo
destas espécies se trata da primeira ampla amostragem de Harttia realizada na regido Norte do
Brasil para fins de investigacdo citogenética, preenchendo importantes lacunas no
conhecimento da evolucdo cromossdmica deste género. Para isso, combinamos a andise de
caridtipo via Giemsa e a caracterizacdo da heterocromatina por bandamento C, com o
mapeamento de sequéncias repetitivas por FISH (DNAr 5S e 18S, microssatélites (CA)is,
(GA)15 e (A)zo, € sequéncias teloméricas (TTAGGG)N). Além disso, realizamos experimentos
de CGH intraespecificos (para comparagdes entre 0s sexos) e interespecificos (entre as distintas
espécies) para a caracterizacdo da histéria evolutiva do grupo.

Descrevemos 0 2n = 54, inédito para o género, em trés espécies: H. rondoni (XX/XY)
(Figura 7d-f), H. dissidens e Harttia sp. 3 (Figura 8A e C). Enquanto ambas H. duriventris
(16m + 16sm + 16st + 8a) e H. villasboas (18m + 24sm + 6st + 8a) apresentaram 2n = 56 para

fémeas, encontramos 2n = 55 em machos (17m + 16sm + 16st + 6a em H. duriventrise 19m +
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24sm + 6st + 6a em H. villasboas), devido a um sistema de cromossomos sexuais multiplos
X1X1X2X2/X1X2Y (Figura 7a-c e g-i). Por fim, H. guianensis apresentou 2n = 58 (20m + 26sm
+ 2st + 10a) para ambos os sexos (Figura 8B). Em concordancia com as demais espécies do
género, bandas de heterocromatina C-positiva foram observadas naregido pericentromérica da
maioria dos cromossomos do complemento, com poucos cromossomos apresentando padroes
distintos, como as marcacOes terminais observadas no primeiro par de acrocéntricos de H.
guianensis. A distribuicéo ssimples de DNAr foi observada em todas as espécies, com excecdo
de H. guianensis, que apresenta um sitio extra de DNAr 5S em sintenia ao par do DNAr 18S
(par 25).
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Figura 7. Reproducdo da Figura 2 do artigo Sassi et al. (2020) (Anexo |). Caridtipos de H. duriventris (a-c), H. villasboas (d-f) e H. rondoni (g-i), organizados sequencialmente
em Giemsa (g, d, e g), bandamento-C (b, e, eh) e FISH com DNAr 5S (vermelho) e DNAr 18S(verde) (c, f, ei). Cromossomos sexuais se encontram destacados. Barra de escala

=5pum.
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Figura 8. Reproducdo das Figuras 2 e 3 do artigo Sassi et al. (2021) (Anexo I1). Caridtipos de H. dissidens (A), H. guianensis (B) e Harttia sp. 3 (C), organizados
sequencia mente em Giemsa e bandamento-C (correspondentes a Figura 2 do artigo) e FISH com DNAr 5S (vermelho) e DNAr 18S (verde) (Figura3 do artigo). Barrade escala
=10 pm.
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A distribuicBo de microssatélites variou conforme a presenca ou auséncia de
cromossomos sexuais. O (A)zo demonstrou sinais positivos em nove Cromossomos em
machos e dez cromossomos em fémeas das espécies H. duriventris, H. rondoni e H.
villasboas (Figura 9) devido a auséncia de sinais no cromossomo Y destas espécies.
Além disso, H. rondoni demonstrou sinais dispersos em todos 0s outros cromossomos
para este mesmo microssatélite. Ja nas espécies sem cromossomos sexuai s detectados (H.
dissidens, H. guianensis e Harttia sp. 3 — Figura 10), 0 (A)so também apresentou um
padréo disperso na maioria dos cromossomos, com Sinais mais proeminentes na regiao
pericentromérica de alguns pares em Harttia sp. 3. Em relacdo ao (CA)1s e (GA)1s, estes
Se apresentaram como dispersos Nos cromossomos, com preferéncia de acumulagdo nas
regides terminais dos cromossomos, em especial Nos cromossomos sexuais (na regiao
teloméricados cromossomos X2 e Y de H. duriventris, nas regifes teloméricas de X1, X2
eY de H. villasboas, e fortemente acumulado na regido telomérica dos cromossomos X
eY deH. rondoni).
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Figura 9. Reproducdo da Figura 3 do artigo Sassi et al. (2020) (Anexo |). Cromossomos em metafase de
machos de H. duriventris, H. villasboas e H. rondoni hibridizados com sondas de microssatélites. Os
cromossomos foram contracorados com DAPI (azul) e as sondas de microssatélites foram diretamente
marcadas com Cy3 durante a sintese (sinais vermelhos). Os cromossomos sexuais femininos sdo mostrados

em caixas. Barra=5 pum.
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Harttia dissidens Harttia guianensis Harttia sp. 3

Harttia dissidens Harttia guianensis Harttia sp. 3

Harttia dissidens Harttia guianensis Harttia sp. 3

Figura 10. Reproducdo da Figura 4 do artigo Sassi et al. (2021) (Anexo I1). Mapeamento cromossdmico
de trés sequéncias de microssatélites em cromossomos mitéticos de Harttia. Sondas (sinais vermelhos):

(A)30, (CA)15 € (GA)1s. Os cromossomos foram contracorados com DAPI (azul). Barrade escala= 10 um.



1075
1076
1077
1078
1079
1080

Os experimentos de CGH entre os sexos ndo demonstraram regides sexo
especificas em nenhuma das espécies (Figuras 11 e 12). Contudo, um pequeno acumulo
de sequencias € observada nos cromossomos Y de H. villasboas, H. rondoni e H.
duriventris (Figura 11). Curiosamente em Harttia sp. 3, a sonda gendmica derivada do
genoma dos machos hibridizou predominantemente (mas ndo exclusivamente) naregido
pericentromérica do par 2.

1"

H. wilesbogs

nerged

Figura 11. Reprodugéo da Figura 5 do artigo Sass et al., 2020 (Anexo |). Cromossomos mitéticos de
machos de H. duriventris (A-D), H. villasboas (E-H) e H. rondoni (I-L) submetidos a CGH. Sondas
gendbmicas derivadas de machos e fémeas foram hibridizadas concomitantemente para cada espécie.
Primeiracoluna(A, Eel): DAPI (azul); segundacoluna(B, F e J): padréo de hibridizac&o dasondaderivada
de machos (vermelho); terceira coluna (C, G e K): padréo de hibridizacdo da sonda derivada de fémeas
(verde). Quarta coluna (D, H e L): imagens mescladas de ambas as sondas gendmicas e coloracdo DAPI.
As regides gendmicas comuns para machos e fémeas sdo representadas em amarelo. Os cromossomos

sexuais sdo indicados. Barra = 10 pm.
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Figura 12. Reproducéo daFigura 5 do artigo Sassi et al., 2021 (Anexo | 1). Metafases mitéticas de machos
de Harttia apés procedimento CGH intraespecifico. H. dissidens (a-d), H. guianensis (e-h) e Harttia sp. 3.
(i-1). Primeira coluna (a, €, i): imagens DAPI (azul); segunda coluna (b, f, j): padrdes de hibridizacdo de
sondas de gDNA derivadas de machos; terceiracoluna(c, g, k): padrées de hibridizacdo de sondas de gDNA
derivadas de genoma de fémeas; quarta coluna (d, h, 1): imagens mescladas de ambas as sondas genémicas
e contracoloragcdo DAPI. Regides com hibridizacdo concomitante de ambas as sondas gendmicas sdo
amarelas (ou sgja, combinacdo de verde e vermelho). Asteriscos destacam as regides com aclmulo
preferencial de sonda de gDNA derivadas de machos quando comparadas a padrfes de hibridizacdo de
sonda de gDNA derivada do genoma de fémea. Barra de escala= 10 pm.
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Para os CGH interespecificos, focamos na comparagdo entre os genomas das
espéciesinvestigadas e 0 sistema de cromossomos sexuais multiplo X1X2Y. No primeiro
experimento (Figura 13), hibridizamos o DNA total de todas as espécies portadoras do
sistema (H. duriventris, H. villasboas e H. punctata) contra os cromossomos de H.
villasboas, que indicou ato grau de compartilhamento entre os trés sistemas, sugerindo
uma origem comum. JA no segundo experimento (Figura 14), encontramos padrdes
uniformes de hibridizacdo de ambas as sondas de H. dissidens e H. guianensis em todo o
complemento cromossdmico de machos H. villasboas. A sonda derivada do genoma de
machos de H. villasboas, no entanto, destacou predominantemente as regides de alto
contelido repetitivo, apontando para o fato de que os outros dois genomas comparados
ndo compartilham (qualitativa ou quantitativamente) porcdo especifica das classes
de DNA repetitivo de H. villasboas.
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r e
H. villasboas

Figura 13. Reprodugdo da Figura 6 do artigo Sass et al., 2020 (Anexo |). Hibridizagcdo Gendmica
Comparativa (CGH) de espécies de Harttia com sistema de cromossomo sexual X1X2Y. Cromossomos
masculinos mitéticos de H. villasboas (A) hibridizados contra sondas gendmicas derivadas de machos de
H. villasboas (B) H. punctata (C) e H. duriventris (D). Os cromossomos sexuais sdo indicados e as regides

gendmicas comuns para as trés espécies sao representadas em amarelo em (A). Barra = 10 pm.
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gDNA H. guianensis

Figura 14. Reproducdo da Figura 6 do artigo Sass et al., 2021 (Anexo Il). Hibridizagdo Genbmica
Comparativa (CGH) de espécies de Harttia com sistema de cromossomo sexual X1X2Y. Cromossomos
masculinos mitéticos de H. villasboas (a) hibridizados contra genoma de machos de H. villasboas
(vermelho) (b), H. dissidens (verde) (c) e H. guianensis (azul claro) (d). A imagem composta (€) contém
todas as trés sondas gendmicas mescladas e contracoloragdo DAPI (a). As regides gendmicas com

hibridizag@o compartilhada de sondas sdo amareladas. Barra de escala = 10 pm.

Com esta caracterizagdo citogenética, ampliamos o nimero de espécies com dados
cromossodmicos, preenchendo umaimportante lacuna para as espécies do Norte do Brasil.
O género Harttia é definido por trés principais clados: um composto por espécies do Sul
e Sudeste do Brasil, outro por espécies das drenagens do Norte do Brasil e o terceiro por
espécies do Escudo das Guianas (Covain et al., 2016). Anteriormente, apenas a espécie
H. punctata tinha seu cariétipo conhecido (Blanco et al., 2014, 2017) e a descricéo de H.
guianensis reforca a proposta de 2n = 58 como nimero diploide ancestral do género
(Blanco et al., 2017). O clado que inclui H. guianensis € apontado por reconstrucdes
filogenéticas como clado mais basal (Covain et al., 2016; Londofio-Burbano e Reis,
2021), e dado que essa espécie compartilha 0 mesmo 2n com outras espécies de Harttia
de outros clados, como H. gracilis, H. kronei, H. longipinna e fémeas de H. punctata, é
provavel gue este corresponda ao 2n ancestral para o género como um todo. Apesar do
2n ancestral para Loricariidae ser proposto como 2n = 54 (Artoni & Bertollo, 2001), a
descri¢do citogenética de clados basais nafamilia— como Harttiini e outros clados basais
de Farlowellinii — tem desafiado tal proposta, sugerindo que outros 2n possam representar
0 caractere plesomorfico do grupo (Takagui et al., 2020). De fato, o levantamento
bibliografico conduzido durante a presente tese indica que este 2n € 0 mais amplamente

distribuido em Loricariidae (Figura 15). Porém, a0 considerarmos que 0 nimero de
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espécies cariotipadas ainda € extremamente baixo comparado a diversidade da familia
(234 spp. com dados citogenéticos vs. 1051 espéci es vélidas), os caminhos evolutivos que

levaram a diversidade de 2n e estruturas cariotipicas ainda sdo obscuros.

A B e Hypoplopomalinaeg
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2n =354 - 95 2n =54
Lithogeninas Delturinas
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Figura 15. Reproducdo da Figura 3 do artigo aceito para publicacdo no periddico Neotropical
Ichthyology (Sassi et al., in press) (Anexo I11). Relagdes filogenéticas de Loricariidae com dados
citogenéticos aqui compilados em vermelho. Filogenias moleculares modificadas de: A. Roxo et al. 2014;
B. Lujan et al., 2015; C. Pereirae Reis 2017; D. Roxo et al. 2019.

Enquanto a estabilidade € restrita ao 2n em alguns géneros, com alta divergéncia
na estrutura do cari6tipo, como 2n = 58 em Farlowella, 2n = 54 em Corumbataia e 2n =
52 em Pterygoplichthys, a conservacdo de 2n e estrutura cariotipica também sdo
observados, como 2n = 52 (26m + 20sm + 6st/a) em duas espécies de Panaque. Além
disso, variagbes populacionais podem ser observadas na familia, como em Rhinelepis
aspera do mesmo rio que diferem naférmula cariotipica (Artoni & Bertollo, 2001; Endo
et al., 2012), sugerindo que inversdes pericéntricas desempenharam um papel importante
na evolucgdo cromossdmica da espécie. Tal mecanismo ndo é restrito a Rhinelepinae, mas

também observado em outros loricariideos, como Ancistrus (Mariotto et al., 2009),
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Loricariichthys (Takagui et al., 2014) e Rineloricaria (Rosa et al., 2012; Primo €t al.,
2018). Além disso, os multiplos Ag-NOR observados em Pogonopoma wertheimeri
Steindachner 1867 (Artoni & Bertollo, 2001) quando comparados a distribuicdo simples
em outras espécies de Rhinelepinae sugerem que outros mecanismos também sdo
importantes para a evolugdo cromossdmica no grupo. Notavelmente, polimorfismos
numéricos e estruturais sdo frequentemente observados em loricariideos, por exemplo,
nos multiplos cariomorfos de Rineloricaria pentamaculata (Glugoski et al., 2023), e a
presenca de cromossomos B em Harttia longipinna (Blanco et al., 2012). Essa
diversidade cromossdmica foi provavel mente gerada por uma combinagdo de rearranjos
gue incluem fusdes e fissdes Robertsonianas, inversdes paracéntricas e pericéntricas e
trang ocacOes (Artoni & Bertollo, 2001; Kavalco et al., 2004; Ziemniczak et al., 2012).
Trés principais caminhos evolutivos sao descritos para Harttia: (i) a manutencéo
do ancestral 2n = 58; (ii) aelevacao de 2n por fissdes céntricas, e (iii) areducdo de 2n por
fusdes (Deon et al., 2020). Para L oricariidae, € proposto que pontos de quebraevolutivas
ocorram adjacentes a sitios de DNAr, promovendo quebras em dupla fita e a
reorganizacao dos sitios de ribossomais, devido ainstabilidade gerada pela alta atividade
transcricional da regido ribossomal (Berthelot et al., 2015; Barros et al., 2017; Glugoski
et al., 2018; Schofer & Weipoltshammer, 2018; Warmerdam & Wolthuis et al., 2019;
Deon et al., 2020). Em nossas andlises, observamos que embora 2n = 54 sga
compartilhado em trés espécies (H. dissidens, H. rondoni e Harttia sp. 3), é atamente
provavel que o par cromossdmico carregador do locus de DNAr 18S esteja envolvido em
eventos de fusdo em H. dissidens e Harttia sp. 3, dada sua distribui¢éo em cromossomos
meta- ou submetacéntricos em detrimento da sua presenca em acrocéntricos nas demais
espécies de Harttia. Embora ndo sga uma caracteristica comum para 0 genoma dos
peixes, apresencade sitios sinténicos de DNAr 5S e 18S € considerada uma caracteristica
cariotipica basal paraLoricariidae (Ziemniczak et al., 2012). Essa caracteristica também
€ observa em H. guianensis, no par 25, assim como em H. carvalhoi (Centofante et al.,
2006), Harttia sp. 1 (Deon et al., 2020), e H. loricariformis (Kavalco et al., 2004). Dada
a posicéo de H. guianensis na base da filogenia de Harttia, parece provavel que este
segundo sitio de DNAr 5S tenha sido eliminado durante a evolucdo em muitas espécies,
enquanto foi retido em um subconjunto destas. Curiosamente, 0 sitio ssmples de DNAr
5S é hipoteticamente localizado em cromossomos homaologos (par 19 em H. dissidens, 4
em H. guianensis e H. rondoni, e 15 em H. villasboas, H. duriventris e Harttia sp. 3). Os

pares de cromossomos mencionados apresentam pequenas diferencas em forma e
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tamanho entre as espécies, diferindo também quanto a posi¢cdo do 5S DNAr (terminal vs.
proximal), o que poderia ser explicado por inversdes paracéntricas.

Além de autossomos, sequéncias de DNAr aparentam ter um importante papel na
evolucdo de cromossomos sexuais em Harttia e outros Loricariidae. Considerando a
diversidade de sistemas sexuais multiplos observados no género, Harttia pode ser
considerado um repositorio de sistemas multiplos, empatando em nimero de casos por
espécie com o género Notobranchius (Cyprinodontiformes, Nothobranchiidae) (Sember
et al., 2021). Embora o rearranjo mais comumente observado na origem de sistemas
multiplos sgjaafusdo entre o cromossomo Y e um par autossomico (Pennell et al., 2015;
Sember et al., 2021), a presenca do sistema XY em H. rondoni em estagios iniciais de
diferenciacéo criaduas principais hipoteses. A hipdtese do proto-XY sugere que o sistema
observado em H. rondoni represente um estdgio da diferenciacdo de XY pela
amplificagdo e contragdo de repeticOes em tandem. Dessa forma, este seria o caractere
ancestral e o sistema X1X2Y originado por fissdes céntricas. Ja a hipétese do neo-XY
sugere a fusdo de um par ancestral XY com autossomos, originando o sistema multiplo
das demais espécies do Norte (i.e. H. duriventris, H. villasboas e H. punctata) e uma
fusdo secundaria em H. rondoni originando o neo-XY, explicando a reducdo cariotipica
ocorridanesta espécie. Almejando esclarecer tais cendrios evolutivos, realizamos andlises
com foco na origem e evolucdo dos Cromossomos Sexuais no género, que serdo

apresentadas a seguir.
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Capitulo 2

Evolucao de cromossomos sexuais em Harttia

Neste capitulo sdo apresentados os resultados e discussdes de trés trabalhos
cientificos cujo foco é a caracterizacdo da histéria evolutiva dos cromossomos sexuais no
género. Estes compreendem dois trabalhos ja publicados “Turnover of multiple sex
chromosomes in Harttia catfish (Sluriformes, Loricariidae): a glimpse from whole
chromosome painting”, publicado no periddico Frontiers in Genetics (Frontiers, IF 2023
= 2,8) (Anexo V) e “Homeology of sex chromosomes in Amazonian Harttia armored
catfishes supports the X-fission hypothesisfor the X1X>Y sex chromosome systemorigin”,
publicado narevista Scientific Reports (Springer-Nature, |F 2023 = 3,8) (Anexo V), aém
do trabalho “Independent evolution of satellite DNA sequences in homologous sex
chromosomes”, que se encontra em revisdo no periédico Communications Biology
(Springer-Nature, IF 2023 = 5,2).

Nos dois primeiros trabalhos, realizamos o mapeamento de dois conjuntos de
sondas de pintura cromossomica, descrevendo os padrdes de hibridizacdo ao longo de
espécies com e sem sistemas de cromossomos sexuais detectavels por citogenética. O
primeiro grupo de sondas se refere aos pares de cromossomos X (HCA-X) e 9 (HCA-9),
constituintes das duas formas variantes do sistema XY 1Y», encontrados em algumas
espécies do Sul e Sudeste Brasileiro. Enquanto H. carvalhoi e Harttia sp. 1 compartilham
inteiramente a identidade dos cromossomos XYi1Y2, 0 mesmo sistema em H.
intermontana apresenta uma translocagdo com o grupo de ligacdo correspondente ao
cromossomo 9 em H. carvalhoi, o que implica duas fusdes X -autossomo independentes
na origem desse sistema de cromossomos sexuais (Deon et al., 2022a). Dessa forma,
aplicamos esse conjunto de sondas de WCP nas sei s espécies citogeneticamente descritas
por essatese (i.e. H. villasboas, H. duriventris, H. rondoni, Harttia sp. 3, H. dissidens e
H. guianensis) para estudar a dinémica desses grupos de ligagdo em outros clados que
n&o apresentam esse tipo de sistemamultiplo XY 1Y 2 (Figura 16). Cada sonda hibridizou
completamente dois pares distintos de cromossomos (um metacéntrico e um
submetacéntrico) em H. villasboas, H. duriventris, H. rondoni e Harttia sp. 3. Além

desses pares, H. guianensis também demonstrou um pequeno par metacéntrico com
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hibridizagdo adicional na sonda HCA-9. Em H. rondoni, sinais de HCA-X adicionais
foram encontrados na regido pericentromérica dos cromossomos sexuais XY,
provavelmente devido ao contelido compartilhado de DNAr que foi amplificado neste
par. Finamente, em H. dissidens, a sonda HCA-9 marcou inteiramente um par
submetacéntrico, mas apenas bragos longos de um par metacéntrico, enquanto a sonda
HCA-X revelou os mesmos padrdes da maioria das espécies estudadas, com um par
metacéntrico e um submetacéntrico.

H. villasboas 2n- 55 4 | H. duriventris 3»-3s H.rondoni ==34

HCA-X

Harttiasp. 3 an»34 H. guianensis in=3s

Figura 16. Reproduco da Figura 2 do artigo Sassi et al., 2023a (Anexo 1V). Pintura cromossdmica total
(WCP) com HCA-X (verde) e HCA-9 (vermelho) em cromossomos de machos de seis espécies de Harttia,
indicadas no canto superior esguerdo. Cromossomos sexuais estdo indicados se presentes e detectaveis

(primeiralinha). Barrade escala= 10 um.

Estes resultados indicam que os grupos de ligagéo envolvidos nas duas formas
independentes do sistema XY 1Y 2 ndo fazem parte dos cromossomos sexuai s encontrados
nas espécies aqui trabalhadas. Além disso, demonstramos que o par 9 de H. carvalhoi
esta presente em um rearranjo encontrado em H. dissidens, indicando a propensao desse
par arearranjar no cariotipo. Baseando-se nos padrfes encontrados, € possivel inferir que
gue areducao no 2n apartir de um ancestral 2n = 58 pelafusdo de HCA-9 apenas ocorreu
em H. dissidens, ja que nas demais espécies com carioétipo reduzido (i.e., 2n = 56 em H.

loricariformis, H. villasboas e H. duriventris, e 2n = 54 em H. rondoni e Harttia sp. 3)
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este cromossomo esta presente como grupos de ligagéo independentes (Deon et al., 2022).
Considerando que o cariétipo de H. guianensis possa representar o0 estado ancestral dos
grupos de ligacéo, a presenca de trés pares com homologia a HCA-9, incluindo um par
acrocéntrico, sugere que fusbes céntricas de cromossomos acrocéntricos foram
responséveis pela reducdo do 2n nas demais espécies. Concordantemente, H. guianensis
€ a espécie com maior nimero de cromossomos acrocéntricos (cinco pares), quando
comparada com espécies com menor 2n (Blanco et al., 2017; Deon et al., 2020; Sassi et
al., 2020, 2021).

O segundo trabalho focou na comparacéo entre as espécies que apresentam o
sistema X1X2Y, usando sondas de WCP derivadas do sistema sexua de H. punctata
(HPU-X1 eHPU-X2) nas seis espécies alvo destatese. Encontramos homol ogiacompl eta
entre espécies com 0 mesmo sistema multiplo (i.e. H. duriventris, H. villasboas e H.
punctata), além do sistema XY presente em H. rondoni (Figura 17). Paraas espécies sem
Cromossomos sexuais citogeneticamente distinguiveis, — H. dissidens, H. guianensis e
Harttia sp. 3— ambas as sondas de pintura hibridizaram em um Unico par de cromossomos
metacéntricos, em geral com a sonda HPU-X2 correspondendo aos bragos curtos e HPU-

X1 nos bragos longos (Figura 17).
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Figura 17. Reproducdo da Figura 1 do artigo Sassi et al., 2023b (Anexo V). Zoo-FISH com sondas de

pintura HPU-X1 e HPU-X2 em metafases mitéticas de machos (primeira e terceira colunas) e fémeas
(segunda e quarta colunas) de Harttia duriventris (a), H. dissidens (d), H. rondoni (b), H. guianensis (e),
H. villasboas (c) e Harttia sp. 3 (f). Os cromossomos que carregam clusters de DNAr 5S (vermelho) e 18S
(verde) sdo destacados em caixas. Os cromossomos foram contracorados com DAPI (azul). Barrade escala
=10 pm.

No trabalho de descricdo do caridtipo de H. punctata, os autores discutem a
hipétese de transocacdo Robertsoniana entre dois cromossomos acrocéntricos (um
ancestral Y e um autossomo) como mecanismo de origem do sistema multiplo X1X2Y.
Este rearranjo seria acompanhado da perda de sequéncias do 18S DNAT no cromossomo
neo-Y recém originado, visto que essa sequéncia ndo esté presente no Y de H. punctata,
porém esté presente no X (Blanco et al., 2014). Contudo, os dados aqui apresentados
indicam que os grupos de ligagdo que representam oS cromossomos X1 e Xz formam
bragos do mesmo cromossomo no cariétipo ancestral, visto que essa condicdo esta
presente em H. guianensis e nas espécies do clado Norte. Dessa forma, € atamente
provavel que o mecanismo de origem deste sistema multiplo seja devido a ocorréncia de

uma fissdo céntrica em detrimento da translocagéo anteriormente proposta (Figura 18).
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Figura 18. Reproducdo da Figura 3 do artigo Sassi et al., 2023b (Anexo V). Relacles filogenéticas entre
peixes Hartiini com base em dados morfolégicos e moleculares, juntamente com caracteristicas
citogenéticas ancoradas. A filogenia segue a) Londofio-Burbano e Reis (2021) e b) Covain et al. (2016),
enquanto (c) apresenta os dados cromossdmicos de espécies que ndo foram incluidas nas respectivas
reconstrucdes filogenéticas. Caracteristicas citogenéticas indicadas: 2n; sistemas de cromossomos sexuais;
ideogramas parciais representam a organizac&o de blocos de sintenia mapeados, conforme revelado pelas
sondas de pintura derivadas de cromossomos sexuais HPU-X1 (vermelho) e HPU-X2 (verde); sitios de
DNAr 5S (azul) e 18S (preto). A atribuicdo de sinais a pares de cromossomos especificos no clado 111
seguiu os padrBes encontrados em Deon et al. (202243, b).
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Estudos tedricos indicam que em cenérios de eventos de fissdo céntricaoriginando
cromossomos sexuais multiplos, a espécie mais proxima que carrega o sistema simples
relacionado deve ter um 2n menor do que as que carregam o multiplo (Kitano & Peichel,
2012). Este € o cenario observado em Harttia, visto que H. rondoni (2n = 54, XX/XY)
apresenta um 2n menor do que as demais espécies com o sistema mudltiplo
X1X1X2Xo/X1X2Y (H. punctata, H. duriventris e H. villasboas). Em conjunto com a
anadlise de CGH previamente realizada (Capitulo 1, Figura 13), € possivel observar que
a provave regido diferenciada do cromossomo Y neste sistema multiplo € localizada
préxima ao centrémero, regido do cromossomo que € propensa ao estabelecimento de
regifes sexo-determinantes em sistemas recém originados (Charlesworth, 2019).

Para uma caracterizacdo mais completa da composicdo deste sistema multiplo,
caracterizamos o satelitoma das quatro espécies (i.e. H. villasboas, H. rondoni, H.
duriventris e H. punctata). Todas demonstraram a predominancia de satélites longos (>
100bp) em seus genomas, porém variando em outras caracteristicas como nimero total
de satélites, proporcdo de bases A+T nas sequéncias e tamanho da unidade de repeticéo
(Tabela 6, 7).

Tabela 6. Principais caracteristicas dos satelitomas de Harttia: N = nimero de sequéncias de DNA satélite;
RUL = tamanho da unidade de repeti¢éo (bp); A + T = proporg&o de nucleotideos A + T nos satélites, Max

= maximo; Min = minimo; Med = mediana.

Espécie N Max Min Med Max Min Med

RUL RUL RUL A+T A+T A+T

Harttia duriventris 18 2707 21 262 81% 23.6% 56%
Harttia punctata 19 2750 21 177 72% 39% 59%
Harttia villasboas 21 4011 32 730 68.1% 24.2% 52%

Harttia rondoni 25 4165 19 372 81% 25.1% 57.8%
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Tabela 7. Catdlogos de satelitomas de Harttia. Para H. villasboas e H. rondoni, as caracteristicas dos satelitomas de machos e fémeas sdo indicados, enquanto H. duriventrise

H. punctata foram caracterizadas apenas a partir de amostras de machos. sstDNA = DNA satélite; A+T(%) = propor¢ao de adeninas e timinas nos satélites; AM = abundancia

em machos; AF = abundancia em fémeas; M/F = diferengas entre os catalogos de machos e fémeas, coloridos em laranja caso apresentem distribuicdo maior em fémeas e em

verde para machos; = somatorio AM+AF; DivM = divergéncia em machos; DivF = divergéncia em fémeas.

A+T

Espécie SAtDNA ) AM AF M/F x DivM DivF
Harttia villasboas HviSat01-2531 57.1 0'022510 0'0028582 0.9492965017 0013368758 1169 1179
HviSat02-2707 52.1 0008255 0.0055203 0.9520513206 0.010776066 3.7 365

HviSat03-997 397 0.008744  0.00378L7 0.9902181535 0007526449 1075 1081

Hvi Sat04-2959 54.4 000334 00018507 0.8383176423 0003035382  7.48 7.18

HviSat05-177 655 OO o 000l 0.9046074034 0002354324 554 5.06

HviSat06-200 68 0.090544 0.0007740 1.0906256510 0001619439 5.9 5.12

HviSat07-93 387 0'023797 0'0038376 0.9522667171 0001635263  7.32 7.29

HviSat08-4011 56.2 0000906 0.0006423 0.8812338169 0001208379 5.2 5.79

HviSat09-815 59.5 0000524 0.0000643 0.9135553754 0000888522 5.6 4.97

HviSat10-1666 56.5 0.000HL7 0.0095944 1.0593771297 0.00081232 9.41 11.01

HviSar11-1338 58.1 0.000593  0.009%573 1.1012749266 0000750082 427 438

HviSat12-144 542 0000 0.0003502 0.9400009094 000075707 1094 1076

HviSat13-730 36 0.000%63  0.0004182 0.8702192128 0000782225 461 455

HviSat14-32 60.5 0000851 0.0003428 1.0243007323 0000693993 976 9.88
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Hvi Sat15-347 53.1 0'°§$§’47 00003470 1.0024863247 0000694896  20.81 206
HviSat16-2480 60.3 0000500 0.0095295 0.9301348259 0.00063616 5.15 7.31
HviSat17-49 55.1 0'0859135 0'00%1334 1.0192599992 0.000269427 5.2 514
HviSat18-1068 24.2 0000733 0.0001510 0.8869528437 0000284979 145 137
HviSat19-589 615 0000109 0.0001228 0.8908375343 0000232347 1214 1186
HviSat20-47 68.1 0000106 6.05%6% 1.7658675724 0000167517 335 321
Hvisai21-575 457 5217955 000010 0.8298533977 0000203127 3.5 3.5
Harttia rondoni HroSat01-93 37.63 0008769 0.0043788 0.865512183 0008168715  7.74 74
HroSat02-1662 56.33 0005764 0.0084SL 1.062338085 0007307167 1143 1135
HroSat03-372 59.14 0007037 0.0077688 0.952705857 0005406790  9.13 8.88
HroSat04-920 35.98 0002201 0.0022688 0.970536874 0.004470758  3.49 338
HroSat05-515 58.83 0002185 0.0070556 0.822896497 0004840931 1843 1751
HroSat06-1634 55.75 0002106 0.0021217 0.992909032 0004228381 1962 1941
HroSat07-19 68.42 00 o34 00058t 0.416200027 0.005563080  5.74 5.18
HroSat08-347 60.23 000> 000t 0.483079458 0004801022  7.86 7.38
HroSat09-2961 54.47 0001291 0.0074223 0.908123061 0002714112 861 9.59
HroSat10-21 80.95 0007091 0.0057508 0.189845948 0006842637 578 413
HroSar11-534 25,09 0007041 0.0013815 0.754096078 0002423377 215 155
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HroSat12-114 30.70 0'0%806 0'°0§f416 0.810634573 0002248139 3.42 3.32
HroSat13-1440 58.82 o.ogggﬂ 0'00225922 1.228612492 0001319922 519 5.27
HroSat14-4165 56.42 o.ogggasa 0'0083203 0.724610028 0.001587160 5.75 6.46
HroSat15-93 34.41 o.oi)ggos 0'0085618 0.914448541 0001266999  8.04 85
HroSat16-177 64.97 o.ogggw 0'0052675 0.87716955 0.001065320 43 301
HroSat17-2481 60.34 0'0327398 0'0032714 0.844496667 0000869651  7.35 10.73
HroSat18-1194 61.39 0'0285281 0'00%750 1,02354253 0.000556515 7.03 7.18
HroSat19-815 60.25 0.02??570 0'0033031 0537441531 0000773624 533 5.00
HroSat20-45 57.78 0.0352257 0'00252154 1.196396821 0000473247 419 4.19
HroSat21-50 60 0'05?33205 0'0053524 0.814217275 0000458053  6.14 551
HroSat22-211 62.00 o.ogg2151 0.0082749 0.868366557 0000326787 712 7.15
HroSat23-576 46,53 0'0833140 0'0023918 1.524309737 0.000231849 3.2 3.39
HroSat24-48 56.25 0'03%09 0'00811238 0.881982123 0000233161  9.23 71
HroSat25-35 57.14 o.ogggm 0'00251324 0.618170838 0000214351 812 8.04
SatDNA A+T Abundancia Div
(%)

Hartiia duriventris HAUSal01-2707 52 0.005296699 349
HduSat02-347 62.20 0.003393394 513
HduSat03-2143 57.10 0.00187602 1158
HduSai04-31 67.70 0.001730222 7.26
HduSat05-93 37.60 0.001116687 9.71
HdUSat06-177 65.00 0.000884022 5.4
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HduSat07-21 81.00 0.000851979 5.76
HduSat08-1754 55.80 0.000790658 6.04
HduSat09-771 34.80 0.000719605 3.39
HduSat10-1449 59.10 0.000559583 4.83
HduSat11-815 60.50 0.000538398 55
HduSat12-1670 56.10 0.000507084 10.65
HduSat13-144 54.20 0.000359392 10.76
HduSat14-32 53.10 0.000357065 20.36
HduSat15-534 23.60 0.000346816 1.13
HduSat16-114 28.90 0.00030558 2.98
HduSat17-150 52.00 0.000136754 11.15
HduSat18-45 57.80 0.000132868 4.63
Harttia punctata HpuSat01-21 71.43 0.015663791 6.99
HpuSat02-177 65.54 0.014303394 3.62
HpuSat03-144 54.17 0.012200361 5.29
HpuSat04-2707 51.64 0.008121138 3.18
HpuSat05-1068 40.26 0.004088409 11.39
HpuSat06-105 44.76 0.002966126 10.25
HpuSat07-2750 54.22 0.002216664 7.56
HpuSat08-1546 60.03 0.001745528 7.34
HpuSat09-33 39.39 0.001719941 7.97
HpuSat10-781 59.67 0.000967001 2,01
HpuSat11-32 53.13 0.000878637 19.3
HpuSat12-1973 54.84 0.000869407 303
HpuSat13-60 71.67 0.000788852 477
HpuSat14-503 58.85 0.000642217 5.64
HpuSat15-93 62.37 0.000615839 6.53
HpuSat16-33 60.61 0.000476905 6.49
HpuSat17-52 53.85 0.000397269 13.95
HpuSat18-680 60.74 0.000171358 7.05
HpuSat19-794 63.73 0.000129686 5.55
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Com base no catdlogo de H. villasboas, obtivemos sondas que foram mapeadas in situ
NOS Cromossomos das seis especies caracterizadas nesta tese (i.e. H. duriventris, H. dissidens,
H. guianensis, Harttia sp. 3, H. rondoni). Na espécie H. villasboas (Figura 19), apenas
HviSat13-730 e HviSat18-1068 foram mapeados na constricdo secundaria do X2 e do
cromossomo Y. Entre os autossomos, HviSat01-2531 foi encontrado nas regides
pericentroméricas de cinco pares, enquanto HviSat02-2707 demonstrou sinais dispersos em
todos os pares. Tanto HviSat04-2959 quanto HviSat05-177 foram hibridizados nos bracos
curtos de um pegueno par metacéntrico, e HviSat08-4011 foi encontrado naregido terminal dos
bragos longos de um par submetacéntrico. Nenhum sinal visivel foi identificado com a sonda
HviSat03-997 (Figura 19).

todl LA vitasdoas

Figura 19. Reproducéo daFigura2 do artigo Sassi et al. (em revisdo, Communications Biology (Springer-Nature))
(Anexo VI). Cromossomos mitéticos de Harttia villasboas apds hibridizagdo com sequéncias distintas de DNAs
satélites, indicadas no canto inferior direito. Cromossomos sexuais sdo indicados nas metafases. Barra de escala=
5pum.

Tanto H. rondoni quanto H. duriventris apresentaram padrdes de distribuicdo
semelhantes de HviSatDNAS. Apenas HviSat13-730 e HviSat18-1068 foram mapeados nos
cromossomos sexuais X e Y de H. rondoni e X2 eY de H. duriventris (Figura 20). HviSat08-
4011 foi hibridizado na porcéo terminal dos bragos longos de um par submetacéntrico, além de
um sinal na regido pericentromérica no cromossomo X1 de H. duriventris. HviSat04-2959 e
HviSat05-177 foram mapeados nos bragos curtos de um pequeno par metacéntrico. HviSat02-

2707 foi encontrado disperso em todos 0s cromossomos e HviSat03-997 ndo produziu sinais
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visivels, enquanto HviSat01-2531 foi hibridizado em regifes pericentroméricas de seis e trés

pares em H. rondoni e H. duriventris, respectivamente.

' K. rosdan ' | M dartrentris a ;N duwriventris

X

£

d I duriveniris x 3 i M. darivenaris

Figura 20. Reproducéo daFigura3 do artigo Sassi et al. (em revisdo, Communications Biology (Springer-Nature))
(Anexo VI). Cromossomos mitéticos de H. rondoni e H. duriventris apés hibridizagdo com sequéncias distintas
de DNA satélite de H. villasboas, conforme indicado no canto inferior direito. Os cromossomos sexuals sdo

indicados. Barra de escala=5 pm.

Quando hibridizados aos cromossomos de H. punctata (Figura 21), os HviSatDNASs
produziram resultados inesperados. Os cromossomos sexuais desta espécie acumulam varias
sequéncias, incluindo HviSat08-4011 em um grande bloco pericentromérico no X1, HviSat13-
730 na constricdo secund&ria do Xo, HviSat04-2959 também em um grande bloco
pericentromérico no X1, um pegueno sina pericentromérico em X2 e Y, e HviSat05-177
centromeérico no X1 e X2, dém desinaisterminaisno Xz eY, o Ultimo restrito aos bragos|ongos.
HviSat04-2959 também foi encontrado em um pegueno par de autossomos metacéntricos e
HviSat05-177 nos bracos curtos de seis autossomos. HviSat01-2531 se demonstrou restrito a
um grande par de cromossomos submetacéntricos, localizado em posi¢éo intersticial nos bragos
longos, enquanto HviSat02-2707 produziu pequenos sinais na regido pericentromeérica de
alguns pares de cromossomos. A espécie Harttia sp. 3 (Figura 21) produziu padrdes
semelhantes a H. villasboas e H. rondoni. O HviSat01-2531 foi encontrado em trés pares de
Cromossomos na regido pericentromérica, enquanto HviSat03-997 demonstrou-se disperso em

quase todos os cromossomos. HviSat18-1068 e HviSat13-730 foram encontrados na constrigao
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secundéria do primeiro par de cromossomos na regido pericentromérica. Por outro lado,
HviSat02-2707 foi hibridizado a alguns pares de cromossomos, mas apenas em um dos
homaologos do primeiro par de cromossomos, todos na posicdo pericentromérica. Tanto
HviSat04-2959 quanto HviSat05-177 seguiram o padréo de um Unico par de cromossomos
hibridizados com cada sonda, enquanto HviSat08-4011 foi encontrado nos bracos longos de um

grande par submetacéntrico.

X, ' | Harttia sp. 3 d Harlo sp. 3

s

M puncrate ! |Morttha sp. 3 F | Hartsasp. 3

Figura 21. Reproducéo daFigura4 do artigo Sassi et al. (em revisdo, Communications Biology (Springer-Nature))
(Anexo VI). Metéfases mitéticas de H. punctata e Harttia sp. 3 apés hibridizacdo com distintos HviSatDNAS,

conforme indicado no canto inferior direito. Os cromossomos sexuais sdo indicados. Barra de escala=5 pum.

Por fim, paraH. dissidens e H. guianensis (Figura 22), HviSat01-2531 produziu fortes
sinais de hibridizagdo em cinco pares de cromossomos na primeira espécie e foi restrito a um
anico par submetacéntrico em posicdo intersticial na segunda espécie. O HviSat13-730 foi
restrito a constricdo secundaria da NOR em um Unico par em ambas as espécies. O HviSat08-
4011 seguiu o padréo paraa maioriadas outras espécies, sendo acumulado naregido telomérica
dos bragos longos de um par submetacéntrico em ambas as espécies. Enquanto HviSat05-177
foi encontrado em um Unico par de H. dissidens, quatro pares foram observados com sinais em
H. guianensis. Exclusvamente em H. dissidens, um padréo disperso foi observado para
HviSat03-997, e um Unico par foi marcado com HviSat04-2959, uma vez que nenhum sinal
visivel foi encontrado em H. guianensis para ambos os satDNAs. Tanto Hvi Sat18-1068 quanto

HviSat02-2707 ndo produziram sinais visivels.
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Figura 22. Reproducéo daFigura5 do artigo Sassi et al. (em revisdo, Communications Biology (Springer-Nature))
(Anexo V). DNA satélites de Harttia villasboas hibridizados em H. dissidens e H. guianensis. Barra de escala =
5 pm.

As andlises comparativas indicaram que 19 dos 21 saDNAs de H. villasboas
apresentam uma contraparte homoéloga em uma, duas ou trés outras espécies de Harttia
(Tabelas 8-10). Além de satélites compartilhados entre todas as espécies, encontramos
satDNASs espécie-especificos: duas sequéncias — HviSatl7-49 e HviSat20-47 — somente sd0
encontrados em H. villasboas, enquanto H. rondoni apresenta seis sequéncias especificas,
quatro em H. punctata e uma em H. duriventris. Neste contexto, encontramos alguns satélites
gue sdo especificos da linhagem H. villasboas-H. rondoni: HviSat08-4011, HviSat16-2480,
HviSat19-589 e HviSat21-575 tém homodlogos apenas em H. rondoni, espécie
filogeneticamente mais préxima de H. villasboas. Esta tabela também reflete o processo
sdtacional da evolucdo de alguns satélites que formam os satellitomes dessas espécies, uma
vez que ha satDNAs compartilhados por duas ou mais espécies para as quais o padréo de
compartilhamento ndo esta em conformidade com as filogenias. entre varios outros, um
exemplo é o HviSat02-2702 para 0 qual encontramos homdélogos em H. duriventris e H.
punctata, mas ndo em H. rondoni. Esses dados refletem amplificacbes diferenciais desses
satélites em diferentes espécies em diferentes tempos evolutivos (Figura 23). A Tabela 9
apresenta as distancias genéticas entre os sstDNAs de H. villasboas e os satélites homdlogos
correspondentes, evidenciando que, em geral, quanto maior a distancia filogenética, maior a
distancia genética entre os satélites homoélogos. I1sso € especidmente verdadeiro em
comparactes com H. punctata. Contudo, os dados também indicam taxas de mudancaatamente
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aceleradas ou desacel eradas para a gumas linhagens de sstDNAs, com disténcias genéticas que
ndo sdo consistentes com a proximidade filogenética em algumas comparagtes. Por exemplo,
0 homaologo HviSat01-2531 em H. rondoni ou o homdlogo HviSat04-2959 em H. duriventris
mostram maior divergéncia de H. villasboas do que homdlogos de espécies fil ogeneticamente
mais distantes (H. punctata). Tomando como referéncia o Unico no filogenético no qual temos
uma datacdo clara para comparar duas especies (linhagem H. punctata e demais espécies), a
Tabela 10 mostra a taxa de turnover consenso (CTR) para cada satDNA assumindo um tempo
dedivergénciade 17,5 my entre H. villasboas e H. punctata (Kumar et al., 2022), demonstrando

taxas de mudanca de sequéncias muito distintas em diferentes sstDNAS.

Tabela 8. Reproduco databela4 do artigo Sassi et al. (em revisdo, Communications Biology (Springer-Nature)).

Familias homdlogas de DNA satélites em Harttia.

Species

H. villashoas H. rondoni H. duriventris H. punctata
HviSat01-2531 HroSat02-1662 HduSat03-2143 HpuSat12-1973

HroSat03-372

HroSat05-515
HviSat02-2707 HduSat01-2707 HpuSat04-2707
HviSat03-997 HpuSat05-1068
HviSat04-2959 HroSat09-2961 HduSat08-1754 HpuSat07-2750
HviSat05-177 HroSat16-177 HduSat06-177 HpuSat02-177
HviSat06-200 HduSat04-31
HviSat07-93 HroSat01-93 HduSat05-93 HpuSat06-105
HviSat08-4011 HroSat14-4165
HviSat09-815 HroSat19-815 HduSat11-815 HpuSat10-781
HviSat10-1666 HroSat06-1634 HduSat12-1670 HpuSat14-503
HviSat11-1338 HroSat13-1440 HduSat10-1449 HpuSat08-1546
HviSat12-144 HduSat13-144 HpuSat03-144
HviSat13-730 HroSat04-920 HduSat09-771

HroSat12-144 HduSat16-144
HviSat18-1068 HroSat11-534 HduSat15-534
HviSat14-347 HroSat08-347 HduSat02-347
HviSat15-32 HduSat14-32 HpuSat11-32
HviSat16-2480 HroSat17-2481
HviSat19-589 HroSat18-1194
HviSat21-575 HroSat23-576

HroSat10-21 HduSat07-21 HpuSat01-21

HroSat20-45 HduSat18-45

94



Tabela 9. Reproducéo databela 5 do artigo Sassi et al. (em revisdo, Communications Biology (Springer-Nature)).
Comparagéo das distancias genéticas entre DNA satélites homologos entre as espécies de Harttia. As distancias
genéticas sdo apresentadas entre pares de espécies, seguindo: (1) Hvi-Hro, (2) Hvi-Hdu, (3) Hvi-Hpu, (4) Hro-
Hdu, (5) Hdu-Hpu, (6) Hro-Hpu.

Harttia villasboas

Harttia rondoni

satDNA homologos

Harttia duriventris

Harttia punctata

HviSat01-2531 0.081(1) 0.023(2) 0.189(3)
0.068(4) 0.198(5)
0.128(6)
HviSat02-2707 0.004(2) 0.025(3)
0.023(5)
HviSat03-997 0.296(3)
HviSat04-2959 0.018(1) 0.390(2) 0.180(3)
0.393(4) 0.498(5)
0.156(6)
HviSat05-177 0.006(1) 0.006(2) 0.163(3)
0.000(4) 0.156(5)
0.156
HviSat06-200 0.067(2)
HviSat07-93 0.044(1) 0.116(2) 0.316(3)
0.142(4) 0.350(5)
0.367(6)
HviSat08-4011 0.016(1)
HviSat09-815 0.030(1) 0.030(2) 0.271(3)
0.043(4) 0.280(5)
0.275(6)
HviSat10-1666 0.016(1) 0.023(2) 0.498(3)
0.020(4) 0.480(5)
0.471(6)
HviSat11-1338 0.070(1) 0.065(2) 0.771(3)
0.025(4) 0.775(5)
0.768(6)
HviSat12-144 0.007(2) 0.007(3)
0.000(5)
HviSat13-730 0.092(1) 0.109(2)
0.048(4)
HviSat14-347 0.012(1) 0.032(2)
0.038(4)
HviSat15-32 0.000(2) 0.000(3)
0.000(5)
HviSat16-2480 0.015(1)
HviSat18-1068 0.038(1) 0.067(2)
0.061(4)
HviSat19-589 0.107(1)
HviSat21-575 0.007(1)




Tabela 10. Reproducdo databela6 do artigo Sassi et al. (em revisdo, Communications Biology (Springer-Nature)).
Taxa de turnover consenso (CTR) entre DNA satélites de H. villasboas (HviSatDNA) e H. punctata
(HpuSatDNA).

HviSatDNA HpuSatDNA CTR
HviSat01-2531 0.189 0.54x10®
HviSat02-2707 0.025 0.07x10®
HviSat03-997 0.296 0.85x10®
HviSat04-2959 0.180 0.51x10®
HviSat05-177 0.163 0.47x10®
HviSat07-93 0.316 0.90x10®
HviSat09-815 0.271 0.78x10®
HviSat10-1666 0.498 1.42x108
HviSat11-1338 0.771 2.20x10®
HviSat12-144 0.007 0.2x108
HviSat15-32 0.000 0

Media 0.71x108
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Figura 23. Reproducéo daFigura7 do artigo Sassi et al. (em revisdo, Communications Biology (Springer-Nature))
(Anexo VI). Gréficos de paisagem de repetitivos (RL) para DNAs satélites (satDNA) homologos de Harttia.
Abundancia (eixo y) e divergéncia (eixo x) em relagdo a sequéncia consenso construida para cada satDNA.
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Considerando que os satDNAs degeneram por mutagbes pontuais (divergéncia
crescente) e homogeneiza por amplificacéo (divergéncia decrescente) (Garrido-Ramos, 2017),
presume-se que picos em valores de divergéncia mais baixos nos perfis de paisagens de
repetitivos sdo o produto de amplificagbes recentes, enquanto aqueles em valores de
divergéncia mais altos sdo provavel mente variantes mais antigas degeneradas pelo acimulo de
mutagdes. Seguindo esse argumento, analisamos os graficos de satDNAs encontrados nos
Cromossomos sexuais de espécies de Harttia (Figura 24). Assim, o satélite HviSat08-4011 e
sua contraparte HroSat14-4165 mostram um pico de amplificacéo Unico em 0% de divergéncia.
Ent&o, embora o grafico mostre variantes de sequéncia desses satélites com divergéncias de até
30%, a amplificacdo que resultou no status atual deste satélite na linhagem H. villasboas-H.
rondoni deve ter sido muito recente apos a divisdo da linhagem que levou a H. duriventris. No
caso dos satélites HviSat13-730 e HviSat18-1068 e suas contrapartes homologas nas demais
espécies, os diversos picos observados podem refletir diferentes ondas de amplificagéo recentes
(os picos mais atos estdo em 0% de divergéncia) desses satélites em diferentes momentos em
cada espécie. Os RLs de HviSat04-2959 e HviSat05-177, e suas contrapartes, mostram varios
picos, mas 0s maiores picos dos satélites HpuSat02-177 e HpuSat07-2750 se destacam, o que
pode estar relacionado a sua incorporacdo e amplificagdo nos cromossomos sexuais de H.
punctata (esses satélites estdo em autossomos nas outras espécies) possivelmente apos a
separacdo das linhagens (17,5 mya), uma vez que a divergéncia de 2% desses picos
corresponderia a um tempo de divergéncia de cerca de 8 mya (Tabela 9). Por fim, os demais
graficos RL na Figura 23 representam exemplos de quatro satélites autossdomicos (HviSat01-
2531, HviSat03-997, HviSat14-347 e HviSat19-589, e suas contrapartes). Todos os satélites
apresentam varios picos que podem refletir diferentes ondas de expansdo, a maioria das quais

s80 muito antigas (ha picos de divergéncia de mais de 20%).
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Figura 24. Reproducdo daFigura6 do artigo Sassi et al. (em revisdo, Communications Biology (Springer-Nature))

(Anexo VI). Sequéncias satélite de H. villasboas hibridizadas aos cromossomos sexuais em distintas espécies de
Harttia, esquematizadas de acordo com suas relagOes filogenéticas (Covain et al., 2016). H. intermontana foi
adicionada manualmente a arvore com base na distribuicéo geogréfica e caracteristicas cromossdmicas, mas sua
posicdo deve ser confirmada, visto que ndo esta presente na andlise de Covain et al. (2016). A combinagéo de
sondas é indicada acima de cada ideograma/imagem de FISH. As cores dos idiogramas seguiram a homologia dos
cromossomos sexuais obtidos da pintura de cromossomos inteiros, conforme descrito na metodologia da presente

tese. Barrade escala= 10 um.

Como podemos observar naimagem acima, o HviSat08-4011 é amplamente distribuido
ao longo da filogenia, no mesmo grupo de ligacéo que da origem ao sistema multiplo X 1X2Y
presente em H. duriventris, H. villasboas e H. punctata. Conforme indicado, satélites
homaologos ao satélite HviSat08-4011 e sua contraparte HroSat14-4165 em H. rondoni néo
foram isolados dos genomasde H. duriventrise H. punctata. No entanto, a FISH com Hvi Sat08-
4011 detectou grandes blocos de hibridizaggo deste satélite no cromossomo X de ambas as
espécies, dém de um locus autossdmico (apenas em H. duriventris), que contrasta com a
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localizagdo autossdmica Unica deste satélite em H. villasboas e H. rondoni (bem como em
outras espécies sem cromossomos sexuais heteromorficos) (Figura 24). A buscaviaBLASTn
e BLASTXx de HviSat08-4011 revelaque este € um satDNA complexo, composto de pelo menos
duas partes diferenciadas (Figura 25A). A maior parte (cerca de 2300 pb) € uma sequénciasem
homologia com nenhuma outra sequéncia disponivel na base de dados. No entanto, cerca de
1700 pb mostra homologia e ata identidade (~80%) com o gene da “proteina de ligacdo ao
esperma da zona pelUlcida 4-like” (ZP4) de diversas espécies das ordens Siluriformes (como
Ictalurus, Slurus, Neoarius e Tachysurus) e Characiformes (como Colossoma, Pygocentrus e
Astyanax). Como mostra a Figura 25A, as partes homélogas sdo descontinuas, separadas por
sequéncias desconhecidas. No entanto, as partes homologas se ainham continuamente com
~90% da sequéncia traduzida do gene nessas outras espécies, com peguenas discrepancias nos
limites.

A regido and ogado gene ZP4 é onde os primers utilizados em nossa estratégia de FISH
inicial foram construidos (Figura 25A, F1R1). Dois pares de primers adicionais foram
construidos, um localizado na regido ndo homdloga a ZP4 (Figura 25A, F2R2), enquanto o
outro € composto por um primer reverso dentro da regido homaologa a ZP4 e um primer direto
fora dela (Figura 25A, F3R3). No primeiro caso, os resultados diferem dos encontrados
inicialmente (Figura 24): a) as duas partes do satélite HviSat08-4011 (ZP4-homdloga e ndo-
ZP4-homologa) hibridizam apenas em um par de autossomos em H. rondoni e H. villasboas;
b) a parte satélite homéloga de ZP4 hibridiza em X1 e um par autossdmico de H. duriventris,
mas a parte do satélite ndo-homologa a ZP4 hibridiza apenas no par de autossomos; c) a parte
do satélite homologa a ZP4 hibridiza apenas a0 X1 de H. punctata e a parte do satélite ndo-
homdloga a ZP4 nado hibridiza em nenhum cromossomo. No segundo caso, com 0s primers
F3R3-HviSat08-4011, apenas H. villasboas e H. rondoni produziram fragmentos visiveis no
gel de agarose (Figura 25B). Essas Ultimas amplificacBes do produto de PCR foram entdo
sequenciadas para verificar a composi¢cdo dos fragmentos amplificados, e eles coincidiram
totalmente com aregido esperada.
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Figura 25. Reproducdo da Figura 8 do artigo Sassi et al. (em revisdo, Communications Biology (Springer-
Nature)). Estrutura do HviSat08-4011 (A), indicando as regides homdlogas com o gene ZP4 (azul) e os trés
conjuntos de primers (F1R1, F2R2 e F3R3, em verde) usados para PCR, conforme demonstrado pelaimagem em
gel de agarose (B). Gréficos de paisagens de repetitivos (C) representando, para H. villasboas, H. rondoni, H.
duriventris e H. punctata, abundancia (eixo y) e divergéncia (eixo x) em relagdo a sequéncia de consenso
construida para cada parte da unidade de repetico do HviSat08-4011, sendo as retas azuis para a por¢ao néo-
homdloga a ZP4 e laranja para a por¢ao homologa.
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Além disso, investigamos a relacdo entre os sstDNAS e elementos transponiveis (TES)
(Tabelas 11-14). Dos diversos satDNAs encontrados nos cromossomos sexuais de Harttia,
apenas HviSat04-2959 e seus homologos nas demais especies, é relacionado com TEs. A
maioria dos satDNAs relacionados a TES sdo complexos, compostos por diferentes partes
derivadas de elementos SINE e/ou LINE, além de genes de tRNA. Também observamos que
HviSat02-2707 e seus homdlogos sdo relacionados a elementos Penelope, enquanto o satélite
exclusivo de H. duriventris HduSat17-150 é relacionado a elementos Helitron. TEs sdo
conhecidos por contribuir para mecanismos de expansdo do genoma, principa mente por meio
de retrotransposi¢des. Além disso, também contribuem pela criagdo de novas repeticdes em
tandem (Ahmed e Liang, 2012) por duplicagéo parcial de TE seguidapor crossing-over desigual
(Wong & Choo, 2004), ou por quebras induzidas por transposases e mecanismos de reparo
(Kapitonov & Jurka, 1999).
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Tabelas 11-14. Resultados do BLASTn de Hvi (11), Hro (12), Hdu (13) e HpuSatDNAS (14), respectivamente, com correspondéncia positivaem sequéncias repetitivas. Colunas
indicam os seguintes dados: pontuacdo Smith-Waterman da correspondéncia, com complexidade ajustada (SW); porcentagem de substituicfes na regido correspondente em
comparagdo ao consenso (Div); porcentagem de bases opostas a uma lacuna na sequéncia de consulta (pb deletados); porcentagem de bases opostas a uma lacuna no consenso
de repeticao (pb inseridos); posi¢do na consulta (inicio-fim); fita (fita de transcricéo (+) ou fita complementar (C)); repeticdo correspondente (Rep); classe/familia de repeticéo
(Classe); porcentagem de sequéncia de satDNA correspondente (%) e porcentagem total por satDNA (Total).

| Tabela 11
Por centagem Posicdo
Busca SW Div Del Ins Inicio Fim Fita Rep Classe % Total
HviSat01- 2531 354 20.0 0.0 0.0 78 137 C tRNA-VaGTG tRNA 2,33
HviSat01- 2531 573 11.0 0.0 0.0 264 336 C tRNA-VaGTG tRNA 2,84
HviSat01- 2531 405 18.3 0.0 0.0 1868 1938 C tRNA-AspGAY tRNA 2,77
HviSat01- 2531 420 194 0.0 0.0 2438 2509 C tRNA-AspGAY tRNA 2,81 10,75
HviSat02- 2707 5446 29.9 0.0 26 1 2403 + Penelope- 5 XT LINE/Penelope 88,73
HviSat02- 2707 355 24.7 0.0 20 2551 2699 + Penelope- 5 XT LINE/Penelope 5,47 94,20
HviSat04- 2959 4989 28.6 24 19 54 2055 + Rex1- 3 EL LINE/Rex-Babar 67,62
HviSat04- 2959 338 27.1 9.3 0.0 2233 2302 + tRNA-IIeATC tRNA 2,33
HviSat04- 2959 591 9.6 51 0.0 2423 2495 C tRNA-AlaGCY tRNA 2,43
HviSat04- 2959 302 26.8 0.0 11 2869 2955 + MarinerN4_SSa DNA/TcMarl SRm11 2,91
HviSat04- 2959 568 7.2 0.0 0.0 2891 2959 + tRNA-1IeATT tRNA 2,30 77,59
HviSat06- 200 370 45 34 10.7 1 197 + MOSAT DR SatDNA 98,00 98,00
HviSat09- 815 597 4.3 0.0 0.0 1 70 + tRNA-GlyGGY tRNA 8,47
HviSat09- 815 385 23.8 30.7 0.0 71 84 + DNA- 1 Gav DNA 1,60 10,06
HviSat10- 1666 646 4.9 0.0 0.0 46 127 + Nimb- 4 DR LINE/I 4,86
HviSat10- 1666 595 10.8 0.0 0.0 633 715 C tRNA-LeuCTG tRNA 4,92
HviSat10- 1666 349 17.1 13.6 0.0 1516 1585 C Nimb- 4 DR LINE/I 4,14 13,93
HviSat11- 1338 629 0.0 0.0 0.0 250 322 + tRNA- 3 DRe tRNA 5,38 5,38
HviSat16- 2480 628 4.2 0.0 0.0 12 83 + tRNA-GlyGGA tRNA 2,86
HviSat16- 2480 275 26.1 0.0 0.0 519 587 + tRNA-LysAAA tRNA 2,74
HviSat16- 2480 600 5.6 0.0 0.0 748 819 C tRNA-TrpTGG tRNA 2,86
HviSat16- 2480 397 19.0 0.0 3.7 1704 1785 + tRNA- 1 DRe tRNA 3,27
HviSat16- 2480 630 6.7 0.0 0.0 1723 1797 + tRNA-LysAAA tRNA 2,98
HviSat16- 2480 249 30.3 5.7 1.0 1798 1822 + Ves2 ML SINE/tRNA 0,97 15,69
HviSat19- 589 359 21.9 6.8 0.0 55 75 C tRNA- 3 DRe tRNA 3,40
HviSat19- 589 363 20.8 0.0 0.0 76 147 C tRNA-ArgCGY tRNA 12,09
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HviSat19- 589 397 15.2 8.0 5.2 361 457 C tRNA- 3 DRe tRNA 16,30 31,75
HviSat21- 575 596 8.8 0.0 0.0 5 84 + tRNA- 1 DRe tRNA 13,74
HviSat21- 575 665 0.0 0.0 0.0 320 393 C tRNA-ASnAAC tRNA 12,70 26,43
Tabela 12
Por centagem Posicéo

Busca SW Busca SW Busca SW Busca SW Busca SW Busca SW
HroSat02-1662 592 5.6 0.0 0.0 28 99 + tRNA-AspGAY tRNA 4,27
HroSat02-1662 523 15.1 0.0 0.0 1344 1416 + tRNA-VaGTG tRNA 4,33

SINE/tRNA -V-

HroSat02-1662 244 26.4 7.1 11 1350 1441 + SINE_FR2 RTE 547
HroSat02-1662 531 12.3 0.0 0.0 1523 1595 + tRNA-VaGTY tRNA 4,33 18,41
HroSat03-372 359 20.6 0.0 0.0 89 151 C tRNA-VaGTG tRNA 16,66
HroSat03-372 458 16.7 0.0 0.0 290 361 C tRNA-AspGAY tRNA 19,08 35,75
HroSat05-515 411 16.1 0.0 0.0 32 93 + tRNA-VaGTY tRNA 11,84
HroSat05-515 225 154 49 0.0 66 104 C Gypsll_-Tlé_X L- LTR/Gypsy 7,37
HroSat05-515 375 214 0.0 0.0 178 247 + tRNA-VaGTG tRNA 13,39
HroSat05-515 371 18.8 0.0 0.0 335 398 + tRNA-AspGAY tRNA 12,23 44,85
HroSat06-1634 673 3.7 0.0 0.0 149 230 + Nimb-4 DR LINE/I 4,95
HroSat06-1634 615 9.6 0.0 0.0 723 805 C tRNA-LeuCTG tRNA 501 9,97
HroSat09-2961 1870 275 0.0 0.8 2 500 + REX1-5 DR LINE/RexBabar 16,81
HroSat09-2961 337 27.1 0.0 0.0 678 747 + tRNA-IleATC tRNA 2,33
HroSat09-2961 501 9.6 0.0 0.0 868 940 C tRNA-AlaGCY tRNA 2,43
HroSat09-2961 603 8.1 0.0 0.0 1336 1409 + tRNA-IIeATT tRNA 2,46
HroSat09-2961 563 18.1 0.0 11 1340 1434 + TguSINE1 SINE/tRNA -CR1 3,17
HroSat09-2961 3250 28.3 6.7 24 1449 2961 + Rex1-3 EL LINE/RexBabar 51,06 78,28
HroSat13-1440 629 0.0 0.0 0.0 7 79 C tRNA- 3 DRe tRNA 5
HroSat13-1440 323 26.6 13 11.5 614 787 + SAT LM Satellite 12,01 17,01
HroSat17-2481 256 32.0 4.8 0.0 103 130 C Ves2_ ML SINE/tRNA 1,08
HroSat17-2481 623 4.2 0.0 0.0 131 202 C tRNA-LysAAA tRNA 2,86
HroSat17-2481 398 16.7 13 49 140 221 C tRNA- 1 DRe tRNA 3,26
HroSat17-2481 611 5.6 0.0 0.0 1104 1175 + tRNA-TrpTGG tRNA 2,86
HroSat17-2481 275 26.1 0.0 0.0 1336 1404 C tRNA-LysAAA tRNA 2,74
HroSat17-2481 333 25.7 0.0 13 1622 1696 C tRNA-GIlyGGA tRNA 2,98
HroSat17-2481 628 42 0.0 0.0 1840 1911 C tRNA-GIlyGGA tRNA 2,86 18,66
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HroSat18-1194 281 23.1 0.0 0.0 212 276 C SINE2- 1 _SSc SINE/tRNA 5,36
HroSat18-1194 471 20.2 10 3.9 791 893 C tRNA- 3 DRe tRNA 8,54
HroSat18-1194 620 4.2 0.0 0.0 1109 1180 C tRNA- 3 DRe tRNA 5,94 19,84
HroSat19-815 379 24.7 12 0.0 12 25 C DNA-1 Gav DNA 1,59
HroSat19-815 564 8.4 0.0 0.0 26 96 C tRNA-GlyGGY tRNA 8,58 10,18
HroSat23-576 596 8.8 0.0 0.0 60 139 + tRNA- 1 DRe tRNA 13,71
HroSat23-576 665 0.0 0.0 0.0 375 448 C tRNA-ASnAAC tRNA 12,67 26,38
Tabela 13
Por centagem Posicdo
Busca SW Busca SW Busca SW Busca SW Busca SW Busca SW
HduSat01-2707 355 24.7 9.3 2.0 9 157 C Penelope- 5 XT LINE/Penel ope 5,47
HduSat01-2707 5420 30.2 2.3 2.6 305 2707 C Penelope- 5 XT LINE/Penel ope 88,73 94,20
HduSat03-2143 531 15.1 0.0 0.0 1532 1604 + tRNA-VaGTG tRNA 3,36
HduSat03-2143 268 25.3 7.1 11 1538 1629 + SINE_FR2 gIT’\IEE/tRNA V- 4,25
HduSat03-2143 323 23.6 14 0.0 1711 1782 + tRNA-VaGTY tRNA 331
HduSat03-2143 404 18.3 0.0 0.0 2073 2143 + tRNA-AspGAY tRNA 3,27 14,19
HduSat08-1754 569 10.8 0.0 0.0 139 212 C tRNA-Ile-ATT tRNA 4,16
HduSat08-1754 285 28.4 3.6 1.2 148 229 C MarinerN4_SSa Psl\é':;]/lTlC Mar - 4,62
HduSat08-1754 264 21.9 4.7 2.4 596 606 C tRNA-2_DRe tRNA 0,57
HduSat08-1754 591 9.6 0.0 0.0 607 679 + tRNA-AlaGCY tRNA 4,10
HduSat08-1754 364 25.7 0.0 0.0 800 869 C tRNA-lle-ATC tRNA 3,93
HduSat08-1754 1370 30.6 3.9 3.2 990 1732 C Rex1-3 EL LINE/RexBabar 42,30 59,69
HduSat10-1449 318 25.6 13 13 483 561 C SAT LM Satellite 5,38
HduSat10-1449 605 2.7 0.0 0.0 1197 1269 + tRNA-3 DRe tRNA 4,97
HduSat10-1449 237 275 0.0 24 1198 1279 C LTR10A_BT LTR/ERV1 5,59 15,94
HduSat11-815 458 16.4 0.0 0.0 742 814 + tRNA-GlyGGY tRNA 8,83 8,83
HduSat12-1670 661 49 0.0 0.0 355 436 C Nimb-4 DR LINE/I 4,85
HduSat12-1670 340 19.2 13.1 0.0 563 635 + tRNA-SerAGY tRNA 431
HduSat12-1670 615 9.6 0.0 0.0 1435 1517 + tRNA-LeuCTG tRNA 491 14,07
HduSat17-150 279 21.2 3.9 2.0 43 143 C Helitron- 2 DR RC/Helitron 66,67 66,67
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Tabela 14
Por centagem Posicéo
Busca SW Busca SW Busca SW Busca SW Busca SW Busca SW
HpuSat04-2707 355 218 73 23 4 183 C Ee;‘ﬁ"pe“ LINE/Penel ope 6,61
HpuSat04-2707 5241 30.8 22 25 331 2707 C Ee;‘ﬁ"pe“ LINE/Pendl ope 87,77 94,38
HpuSat07-2750 482 5.2 0.0 0.0 1 58 c tART'\'TA'”& {RNA 2,07
HpuSat07-2750 541 137 0.0 0.0 462 534 + tARI';'ééY {RNA 2,62
HpuSat07-2750 275 206 16 0.0 910 972 C REX1-5 DR LINE/RexBabar 2,25
HpuSat07-2750 4491 28.4 38 18 984 2595 C Rex1-3 EL  LINE/RexBabar 58,58 65,53
HpuSat08-1546 286 27.7 0.0 0.0 555 619 + SAT LM Satellite 4,14
HpuSat08-1546 656 35 0.0 23 781 867 C {RNA-3 DRe tRNA 5,56 9,70
{RNA-
HpuSatl0-781 604 42 0.0 0.0 557 627 C GIyGaY tRNA 8,96
HpuSatl0-781 287 17.4 42 28 565 635 C Bov-tA2 g'T’\'EE/tRNA -Core- g6 17,93
HpuSat12-1973 646 41 0.0 0.0 1475 1547 + %\'QT'G {RNA 3,65
HpuSat12-1973 228 27.8 53 22 1481 1572 + SINE_TE SINE/tRNA -V 4,61
tRNA-
HpuSat12-1973 569 9.6 0.0 0.0 1655 1727 + VaerG tRNA 3,65
{RNA-
HpuSat12-1973 592 56 0.0 0.0 1821 1892 + ASOAY tRNA 3,60 15,51
tRNA-
HpuSat19-794 635 28 0.0 0.0 159 230 + ATGAGG tRNA 8,04
HpuSat19-794 233 215 5.8 4.4 239 306 + tRNA-Meti  tRNA 8,44 17,38

106



1415
1416
1417
1418
1419
1420
1421
1422
1423
1424
1425
1426
1427
1428
1429
1430
1431
1432
1433
1434
1435
1436
1437
1438
1439
1440
1441
1442
1443
1444
1445
1446
1447

Em Harttia, esses elementos tém uma relagdo intrincada com aformacéo de satDNAS,
conforme demonstrado por sequéncias complexas compostas de partes distintas nas quais
motivos derivados de elementos intercal ados curtos (SINE) e/ou elementos intercal ados longos
(LINE) e genes de RNALt. Por exemplo, HviSat02-2707 e seus homologos em outras espécies
estdo relacionados a elementos Penelope, uma classe de elementos repetitivos amplamente
distribuidos em genomas de peixes, vistos em medaka, baiacus e ciclideos (Volff et al., 2001,
Eickbush & Malik, 2007). Elementos semelhantes a Penelope (PLE) sdo encontrados
predominantemente em genomas animais, com perdas ocasionais em algumas linhagens
(Arkhipova, 2006). Por outro lado, HduSat17-150 estarel acionado aHelitron, um grupo de TEs
gue conserva sequéncias nas extremidades, mas com motivos centrais repetidos em tandem
semelhantes a satlDNA (Thomas & Pritham, 2015), incluindo satDNAS reais embutidos em tal
posicdo central em Bivalves (Satovi¢ et al., 2016; Vojvoda et al., 2020). 1sso demonstra que a
histéria evolutiva das sequéncias de satDNA também esta relacionada a TEs, refletindo a
histéria complexa de rearranjos cromossdmicos que ocorreram no género. No entanto, tais TES
ndo parecem participar da diferenciagdo dos cromossomos sexuais, conforme discutido na
préxima secdo. A maioria dos satDNAS neste género apresentou taxas de divergéncia entre
sequéncias homdlogas que variam de acordo com as relacOes filogenéticas, mas RLs
demonstraram eventos de amplificacdo e homogeneizacdo especificos de cada espécie,
especialmente nas repeti coes encontradas Nos cromossomos sexuais. Tais padrdes indicam um
cenério de evolucdo contingente para os sstDNAs de Harttia, como também visto no contetido
repetitivo de gafanhotos (Camacho et al., 2022).

Por outro lado, dos vérios satélites encontrados nos cromossomos sexuais de H.
punctata (ver Figura 24), apenas HviSat04-2959 e seus homdélogos (HroSat09-2961,
HduSat08-1754 e HpuSat07-2750) estdo relacionados a TEs. Este satélite tem homologia
parcial com os elementos LINE-Rex-Babar e Tc/Mariner, que geramente sdo inativados ou
degenerados em genomas de peixes, mas também podem acumular mutacfes em taxas neutras
até perder sua identidade molecular (Isvék et al., 1995; Mufioz-Lopez & Garcia-Perez, 2010;
Schemberger et al., 2019). Ambos os elementos foram identificados em espécies relacionadas
de Loricariidae, mas como sequéncias dispersas sem qualquer acumulacdo em um par de
cromossomos especifico (Ayres-Alves et al., 2017). Em bagres, elementos Tcl-Mariner podem
ser encontrados associados a variagéo de loci de DNAT, sugerindo atividade no sistema de
transposi¢aéo (Gouveia et al., 2017). Ambos os satélites HviSat04-2959 e HviSat05-177 e suas

contrapartes homdlogas, localizadas em cromossomos sexuais em H. punctata, mas em
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autossomos No resto das espéci es, tém se expandido por mais de ~20 milhdes de anos nas quatro
espécies. No entanto, houve um aumento significativo no nimero desses satélites em H.
punctata, 0 que se alinha com a observacdo de loci extras no cromossomo X2 desta espécie.
TES s80 menos propensos a se acumular em cromossomos X jovens em peixes em comparagao
com autossomos (Chalopin et al., 2015), e esta pode ser a razéo para a escassez de sequéncias
de satélite derivadas de TE nos cromossomos sexuais de Harttia.

Embora as espécies de Harttia compartilhem cromossomos sexuais homdlogos,
conforme indicado por nossos dados de pintura cromossdmica, cada uma demonstrou uma
composicdo distinta de satDNAS, indicando evolucdo independente dessas sequéncias em cada
linhagem. A diferenciagdo dos cromossomos sexuais por acumulacdo independente de
satDNAs em um tempo evolutivo recente pode refletir a origem de novo de tais sistemas, como
também visto em outros peixes com Cromossomos Sexuals com origem recente, como
Megaleporinus elongatus e Nothobranchius spp. (Crepaldi & Parise-Maltempi, 2020;
Volenikovaet al., 2023). Em Harttia, a discrepancia nos perfis de sstDNA pode ser observada
especia mente em sequéncias que ndo seguem um arranjo filogenético, por exemplo, HviSat08-
4011, que provavelmente foi amplificado em H. duriventris e H. punctata ap6s sua divisao,
além de HviSat13-730 e HviSat18-1068. Os cromossomos sexuais de H. villasboas carregam
apenas dois satDNAs agui mapeados. HviSatl3-730 e HviSat18-1068. Esses satélites
compartilham uma pequena parte de sua sequéncia (cerca de 6%) com 84% de similaridade,
sugerindo uma origem comum. No entanto, tanto os satDNAS quanto suas contrapartes
homaol ogas em cada espécie tém sinais de amplificacbes recentes em H. villasboas, H. rondoni
e H. duriventris, além de eventos independentes de amplificacbes anteriores. Para HviSat18-
1068 em relacdo aos seus homdlogos HroSat11-534 e Hdul5-534, que sd0 menores em
tamanho, um processo de duplicacdo em H. villasboas foi responsavel por sua diferenca de
tamanho. Este satélite € apresentado na constricdo secundaria formada pelo 18S DNAr, onde
eventos de crossing-over desigual foram propostos como 0s principais mecanismos para
diferencas no acumulo desta sequéncia ribossdmica entre os homdélogos. Como esses satélites
ndo estdo ligados a TEs, a recombinagéo desigual pode ter causado a duplicacdo, conforme
descrito para outros sstDNAs em arroz e macacos (Cardone et al., 2004; Ma & Jackson, 2006).
No entanto, a replicacdo em circulo rolante também pode ser responsavel pela duplicacéo de
tais sequéncias repetitivas (Plohl et al., 2014). Em relagéo a HviSat13-730 e seus homologos
HroSat04-920 e HduSat09-771, que apresentaram sinais FISH positivos em todas as quatro

espécies, ndo conseguimos identificar sequéncias homdlogas no genomade H. punctata. Nessa
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espécie, 0 sinal FISH é restrito ao cromossomo X e ausente no Y, correspondendo ao padréo
de acumulagéo de DNAr 18S (Blanco et al., 2014), sugerindo que o evento de fissdo que criou
0s multiplos cromossomos sexuais também pode explicar essa variagdo, conforme proposto
anteriormente.

Por fim, a relagdo mais intrigante entre uma sequéncia de satDNA e cromossomos
sexuais no género foi observada com o HviSat08-4011, que tem uma homologia parcial com o
gene ZP4, responsavel pela formagéo da zona pellcida. Glicoproteinas da zona pellcida séo
geradas no ovario ou figado pelos genes ZP (Bausek et al., 2000). RLs mostram um padréo
grafico simétrico para as porcdes homologas e ndo-homologas a ZP4 em H. villasboas e H.
rondoni (Figura 25), o que indicaria um unico satélite autossdmico recentemente originado em
ambas as espécies. No entanto, o grafico em H. duriventris seria compativel com uma
amplificagd mais antiga de um satélite formado a partir de sequéncias parciais do gene ZP4
no Xi, possivelmente em adicdo a uma amplificacdo mais recente do satélite composto
(composto de duas partes, as partes homaol ogas e ndo homaol ogas ao gene ZP4) em autossomos,
conforme revelado por FISH. Isso é mais evidente em H. punctata, onde ha vérios picos
principais representando o conjunto mais abundante de sequéncias homdlogas ao gene ZP4, em
uma divergéncia entre 4 e 10%, compativel com varias ondas de amplificacdo de um satDNA
derivado de ZP4 no cromossomo X1. A parte ndo homdloga ao gene ZP4, ndo detectada por
FISH em H. punctata, mostra picos de amplificagdo relativamente menores em divergéncias
maiores que 16%. Os genes ZP em vertebrados sofrem frequentes eventos de duplicacdo e perda
de genes, sugerindo que sdo genes reprodutivos que evoluem rapidamente (Feng et al., 2018).
Essa rapida evolucéo pode permitir que eles se adaptem a varios ambientes ecol 6gicos (Cao et
al., 2016) e sirvam como barreiras a fertilizagdo (Bianchi & Wright, 2015; Claw & Swanson,
2012), tornando-os avos potenciais para a sele¢do natural. Um gene relacionado afertilizacéo
no mesmo grupo de ligacdo que o ancestral dos trés clados de Harttia pode indicar um sistema
ancestral de cromossomos sexuais. De fato, o grupo de ligacdo mencionado € recrutado
exclusivamente como Cromossomos sexuais nas espécies do clado Il (Figura 4). 1sso sugere
um evento de turnover no surgimento de multiplos cromossomos em relacéo aos demais

sistemas encontrados no género (revisado em Deon et al., 2020).
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Capitulo 3

Evolucéo citogendmica e historia demogr afica em
Harttia

Neste ultimo capitulo, apresentamos os resultados e discussdes referentes a um ultimo
trabalho, que estd em fase final de construcéo, que sera intitulado “Cytogenomic evolution and
demographic history in Harttia”. Utilizamos dados de sequenciamento de genoma completo
com reducdo de complexidade via DArTseq (Diversity Arrays Technology, Canberra,
Australia) para reconstruir as relacfes evolutivas das espécies investigadas pela citogenética,
buscando posicionar as variantes identificadas, porém néo reconhecidas ao nivel de espécie
(Harttia sp. 1, Harttia sp. 2 e Harttia sp. 3). Também utilizamos metodol ogias que buscam por
marcadores ligados ao sexo, visto que este método de sequenciamento tem como alvo principal
as regibes de baixo nimero de cdpias ou hipometiladas do genoma. Por fim, utilizamos
modelagens para reconstruir a evolugdo cromossdmica do grupo e as &reas de ocorréncia
ancestrais, visando areconstrucdo da historia demografica do género.

Recuperamos 95.305 SNPs e 282.275 SilicoDArT loci (presenca-auséncia) para 107
individuos de 18 espécies (17 espécies de Harttia e Farlowella sp. como grupo-externo). A
probabilidade de que um Unico locus exibisse um marcador ligado a0 sexo por acaso foi
calculadaem 5,87x10°%, o que indica que de todos 0s 95.305 SNPs, espera-se que apenas 0,005
indicardo por acaso ligacdo ap sexo, o0 gque indica que nosso tamanho amostral foi suficiente
para recuperar marcadores verdadeiramente ligados ao sexo. O grafico PCA (Figura 26)
baseado em SNPs autossdmicos com os PCs mais representativos (PC1 — 28,5%, PC2 — 18,9%)
demonstrou cinco grupos distintos de espécies, concordando com a distribui¢do geografica das
amostras, com trés grandes grupos incluindo as espécies de Harttia, outro formado
exclusivamente por Harttia sp. 2, e outro formado pelo grupo externo Farlowella sp.
Encontramos 419 marcadores ligados ao sexo (SLM) para o género Harttia, 95 indicando um
sistema com heterogametia masculina (XY) e 16 indicando um sistema com heterogametia
feminina (ZW) para os dados de SNP, e 292 XY e 16 ZW para os dados de PA. Cada espécie
apresentou um namero Unico de marcadores, com apenas Harttia sp. 2 ndo demonstrando SLMs
em nenhuma das andlises. O grafico PCA dos SNPs ligados ao sexo (Figura 26) indicou trés
grupos principais. um formado somente por H. intermontana (XY 1Y2), outro formado por H.
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carvalhoi (XY1Y2), Harttia sp. 1 (XY1Y2) e H. torrenticola (XY), e o ultimo agrupando todas
as espécies restantes, com um pegueno subagrupamento de amostras de H. gracilis.

A reconstrucdo filogenética agrupou todas as espécies de Harttia, exceto Harttia sp. 2,
em trés clados principais com alta congruéncia geogréfica. O clado | € composto por espécies
com distribui¢do nas drenagens das Guianas (H. fowleri e H. guianensis), o clado 11 por espécies
encontradas em drenagens do norte do Brasil, ou sgja, Amazonas e Tocantins-Araguaia (H.
duriventris, H. dissidens, H. punctata, H. rondoni, H. villasboas e Harttia sp. 3), e o clado I11
por representantes do sudeste e sul do Brasil (H. carvalhoi, H. torrenticola, H. intermontana,
H. longipinna, H. gracilis, H. loricariformis, H. kronei e Harttia sp. 1) (Figura 27). Em gerdl,
a configuracdo da filogenia nos trés principais clados seguiu o padrdo observado em
reconstrucdes prévias baseadas em dados morfolégicos e genéticos (Covain et al., 2016;
Londofio-Burbano e Reis, 2021). Contudo, as relagbes interespecificas diferem das
reconstrugoes prévias. Em ambos os trabalhos de Covain et al. (2016) e Londofio-Burbano e
Reis (2021), H. fowleri foi considerada pertencente ao clado 11 (espécies do norte do Brasil),
enguanto em nossa reconstrucdo a espécie € mais proxima de H. guianensis, ambas compondo
o clado | (espécies das Guianas). JA H. dissidens forma um clado irm&o as espécies H.
duriventris, H. rondoni e H. villasboas em Covain et al. (2016), enquanto em nossa
reconstrucdo H. dissidens éirmado clado H. rondoni + H. villasboas e todas estas, por suavez,
formam um grupo irm&o do clado de H. duriventris. Em Londofio-Burbano & Reis (2021), H.
dissidens forma um clado irméo as espécies H. rhombocephala, H. punctata, H. duriventris e
H. trombetensis. Diferencas na configuracdo dos clados também foram observadas para o clado
I11 (espécies do Sul e Sudeste do Brasil), apesar das rel acdes estarem mais congruentes em uma
ampla observacdo. A analise conduzida na presente tese inclui pela primeira vez a espécie H.
intermontana em uma reconstrucado filogenética do género, posicionando aem um clado irméo

as espéecies H. torrenticola, H. carvalhoi e Harttia sp. 1.
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Figura 26. Gr&fico PCA de dados de marcadores SNP autossdmicos e ligados ao sexo. Os clusters apresentam a distribuicdo geogréfica das espécies, seguindo 0 azul para o

Norte do Brasil, o vermelho para as Guianas e 0 cinza parao Sul e Sudeste do Brasil. Cada espécie é representada por um circulo colorido e um nimero, seguindo alegendaa
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Figura 27. Relagdes filogenéticas de maxima verossimilhanca de espécies de Harttia, usando Farlowella sp. como um grupo externo, recuperadas de 1.375 SNPs gerados por
DArT-Seq de 107 individuos. Numero diploide e sistemas de cromossomos sexuais so exibidos juntamente ao nome da espécie. O suporte dos clados é exibido pelos circulos
nos nos, seguindo circulos pretos para 100 de bootstrap e cinza para > 70. A distribuicdo aproximada dos clados no territorio brasileiro € apresentada. Barra de escala em

tamanho dos ramos.
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A discordancia das reconstructes filogenéticas era esperada, devido aos distintos
marcadores utilizados para recuperar tais relagdes. Aqui, apresentamos a primeira hipétese
filogenética para 0 género baseada em dados moleculares derivados de sequenciamento amplo
de genoma, engquanto as reconstrucdes prévias basearam-se em dados mitocondriais ou poucos
genes nucleares, além de dados morfol 6gicos. A amostragem incompl eta das linhagens e outros
problemas filogenéticos podem ser resolvidos com o uso de multiplos marcadores genéticos
nucleares (Mirarab et al., 2016; Simmons & Gatesy, 2021), principalmente ao considerarmos
gue andlises baseadas em um Unico locus representam uma Unica amostragem de um processo
ancestral (ou geneal 6gico) altamente estocastico (Degnan & Rosenberg, 2009; Leaché & Oaks,
2017). Desta forma, mesmo que a filogenia aqui apresentada seja baseada um nimero elevado
de marcadores, ndo é possivel afirmar que esta representa a definicéo dos clados de Harttia,
sendo necessario ampliar aamostragem e o nimero de marcadores para uma compreensao mais
clara da histéria evolutiva do grupo.

Utilizando a filogenia agui produzida como base, modelamos a evolucéo do nimero de
cromossomos no género (Figuras 28-30), utilizando trés configuractes da arvore filogenética:
i) completa (Figura 28), ii) sem o grupo-externo (Figura 29) e iii) sem o0 grupo-externo e
Harttia sp. 2 (Figura 30), todos com o0 modelo “Dys” indicado pelo software como o mais
apropriado para os dados. Em todos os cenarios, 2n = 56 foi encontrado como 2n ancestral mais
provavel parao clado maisinclusivo que englobaHarttia sp. 3, H. duriventris, H. dissidens, H.
villasboas e H. rondoni, asssm como 2n = 58 para o clado que inclui H. loricariformis, H.
gracilise H. longipinna, e 2n = 56 para o clado H. intermontana, H. torrenticola, H. carvalhoi
e Harttia sp. 1. O 2n ancestral para toda a filogenia variou conforme os cenarios, sendo 2n =
62 quando incluidas todas as espécies, 2n = 64 quando analisado sem Farlowella sp., e 0
terceiro, 2n = 60. Desta forma, eventos de disploidia descendente (fusdes cromossomicas)
foram predominantes em todas as analises. Contudo, os processos de fusdes ndo foram iguais
em todos os clados. Enquanto no clado das espécies do sul e sudeste brasileiro, as fusdes
ocorridas envolveram a formagéo do sistema sexual XY 1Y 2 (Deon et al., 20223, b), fusdes no
clado norte envolveram outros pares (veja resultados dos experimentos de pintura

cromossdmica no capitulo 2).
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Figura 29. Relagdes filogenéticas de Harttia sem o grupo-externo (Farlowella sp.), com o nimero diploide (2n) ancestral inferido pelas andlises do ChromEval. Os gréficos de

pizzaindicam a probabilidade de 2n ancestral. Barra de escala em comprimento dos ramos.
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Figura 30. Relaces filogenéticas de Harttia sem o grupo-externo (Farlowella sp.) e sem Harttia sp. 2,
com o nimero diploide (2n) ancestral inferido pelas andlises do ChromEvol. Os gréaficos de pizza indicam

a probabilidade de 2n ancestral. Barra de escala em comprimento dos ramos.

1595 A reconstrucdo utilizando a filogenia completa (Figura 28) sugere que 0 2n
1596  ancestral do grupo segja 62 cromossomos. Este € observado em duas espécies de Harttia:
1597  H. absaberi (Rodrigues, 2010) e Harttia sp. 2 Rio BarraGrande— PR (Deon et al., 2020).
1598 A espécie H. absaberi foi inclusa apenas na filogenia de Cherobim (2021), que sugere a
1599 sua alocacd em um novo género, dadas as distancias filogenéticas observadas.
1600  Curiosamente, o padrdo aqui observado para Harttia sp. 2 indica que esta espécie € mais
1601  proximado grupo externo do que das demais espécies do género Harttia. Dessaforma, é
1602  possivel sugerir que Harttia sp. 2 possa representar mais uma espécie ainda ndo descrita
1603  do novo género gue H. absaberi pertence, caracterizado pelo 2n = 62.

1604 Considerando que Harttia sp. 2 também pode ser um grupo externo paraaanaise

1605  em Harttia, ambas as modelagens com dois ou apenas um grupo externo (Figuras 28 e
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29), sdo consistentes em apontar 2n = 58 como numero diploide ancestral para os trés
clados do género. Este ja havia sido considerado como nimero ancestral visto que é o 2n
mai s frequente no género (Blanco et al., 2017; Deon et al., 2020). Além disso, a hipotese
do proto-XY apresentada no capitulo 1 desta tese considera o caridtipo ancestral
composto por 2n = 58 e cromossomos sexuais XX/XY, em estagios iniciais de
diferenciacdo, sendo corroborada pelo resultado de modelagem assim como pelos
marcadores ligados ao sexo.

Ao observarmos 0 nimero de SLM em ambos os dados de SNP e PA (Figura
31B) e sua distribuicdo em todas as espécies de Harttia exceto Harttia sp. 2, é possivel
corroborar a hipétese proto-XY. Assim, sistemas de cromossomos Sexuas eram
reconhecidos pelo seu heteromorfismo no cariétipo de oito espécies (H. carvalhoi, H.
intermontana, Harttia sp. 1, H. torrenticola, H. duriventris, H. rondoni, H. villasboas e
H. punctata) e, aqui, incluimos mais oito espécies com sistema homomorfico XX/XY
reconhecido por SLM (H. dissidens, H. guianensis, Harttia sp. 3, H. kronei, H.
longipinna, H. loricariformis, H. gracilis, H. fowleri). Curiosamente, trés SLM se
apresentaram compartilhados entre as espécies H. gracilis e H. guianensis (Tabela 15),
0 que reforca a hipotese de um sistema proto-XY compartilhado em Harttia, indicando
também que um evento de turnover ocorreu no clado das espécies amazonicas. Contudo,
ndo foi possivel estabelecer algum possivel gene sexo determinante, visto que a busca
pelos SLM na base de dados NCBI via BLAST indicou homologia com regides do
genoma de peixes sem anotacdo e regides anotadas a nivel de gene que ndo apresentam

relacdo com determinacéo do sexo (Tabelas 16-17).
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Tabela 15. Relagdo de SNPs ligados a0 sexo compartilhados entre espécies de Harttia. Cada coluna

apresenta o conjunto de espécies e as sequéncias que compartilham.

Espécies

SNP

H. gracilis

H. guianensis

TGCAGCCTAAAACAAGT
ACACTGAGGTTTTATGT
AGCATTTTATTATAAATT
GTGCTCAATCTGCATGA

TGCAGCCAGGAACTACA
ACTCCCACCATGCAACG
TGCATG

TGCAGTATTTTATCAGT
AGTAGTGGAAAAGAGA
GTGCATG

H. rondoni
H. villasboas
Harttia sp. 3

TGCAGGTAAATACAA
CAGAGAACATACACG
CATG

H. carvalhoi

H. intermontana

TGCAGGTTCTTCTCTGA
TAGCCGCATG

TGCAGACAAACAGCAA

TGTTCTTTTTGAAGAGC

GATGGCTTTCTCCATGC

AACCCTGCTATGCATGA
GC
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Figura 31. Resumo dos resultados de marcadores ligados ao sexo (SLM). A) Busca nabase de dados NCBI
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Tabela 16. Resultados do BLAST dos SNPs ligados ao sexo (SLM) identificados em Harttia.

Espécie SLM BLAST
H. carvalhoi TGCAGCATTAATCAATTGGAAATGTGCTGCAT
TAGCGTGCTGCATTTCCGATGGCTGCCACCCGT Fish genomes
CTGT
H. carvalhoi TGCAGTCATCTGTCCTGAACCCCATCTAGCATT Conger conger
TATGGGGGCACTTGAAGACAGAGAAAGCCAA
ACATT genome
H. carvalhoi TGCAGTGACACTGATGTGGTACTGGTATGTTG Fish genomes
GTCTGTGTTGTGGTGGTACAAATGGATCAGAC '
MRNA
AGCAG
H. carvalhoi TGCAGATAGAGGGTGCCAAATGTCCTTTCAGT
GTAATTTAAATTGTGGTTCTGGCAAAACAATG gad2
GGTAG
H. carvalhoi Fish genomes,
TGCAGCCAATGCATTGCCAAAGGAGGCTCCTG mainly
TGACTGACACCCTCTGTCTCATCTTGGGTGGCT Siluriformes,
CCTG MRNA
H. carvalhoi TGCAGAGAACACATCTCCACTGATGTAGTGTC
CAGTGGCAGCATGAGCGGTTCAGCAGGAATGC Fish genomes
CGAGA
H. dissidens TGCAGCGGTATTTGCCTCAGCAGCTGCTGACC Fish genomes
CCGCTCTGTCATTTTACGTGGCCTATGAGTTGC '
AGTC MRNA
H. guianensis TGCAGACCCTGCTCCAGCATCTCAAGTCTCAC
AGCCTAACCATCGTGAGCAACGCCTGCGGAAC apc2, MRNA
CCTCT
H. intermontana TGCAGAGGGATCTGAAACGTGTGGTTGATGCC
AGACTCAGACTCAGCGAGGAGCTCAGTGGAGG actr3b, mRNA
ACGGA
H. intermontana TGCAGGTTCTTCTCTGATAGCCGCATG Fish genomes
H. intermontana TGCAGAGTTCCAAACCTCTTCTGGCATTAACAT Ocypus olens
TAGCACAAAAACTGAGCAGTTGCATG genome assembly
H. intermontana TGCAGCACCGCTTTAAATCAAACACTGGACCT Fish genomes
CGTGTATACCTGCATG
H. intermontana TGCAGGAAATTATCAACTTTTTGTAAATAACTT Fish genomes,
GCAGCATG Siluriformes
mainly, mRNA
H. intermontana TGCAGTTGGGTCCTCCTTTCCATCTCACCCCCA
ACTCATAACACCGACTTGCTCAATTAGGGCTTT Fish genomes
GAG
Harttia sp. 1 Fish genomes,
TGCAGTTTACTAAAGATCACGTGGACAAGCCA mainly
GAAGGCTTGTTGGAGAATGTTTTGTGGACGGA Siluriformes,
TGAGA MRNA
Harttiasp. 1 TGCAGCTGCACCTCATGCTGGCGCGTGAGCAC hdacs. fish

TTCGTGTTGCTTCTGGAACTCGGCGAAGAGTA
GCTGT

genomes, mMRNA




Tabela 17. Resultados do BLAST dos marcadores ligados ao sexo (SLM) identificados com presenca e

auséncia (PA) em Harttia.

Espécie SLM BLAST
TGCAGTTAACAGTGAGTGCTTACAGGCTTAAT
H. carvalhoi GAGCTGTTGGACTTGGCTAATTGACAGAAAAC Fish genomes
ACGGC
TGCAGTCTTGCCTGCGTGGTCAACCTTAATTAA Trachurus
H. carvalhoi CATCCAAAACTAGACTCAACATGAAACTAAAA  trachurus genome
GAAA assembly
TGCAGTAGGAATGATGGTATTTACATGTATCT
H. carvalhoi GGTAGGAGCACCAACGCTGCCCAGCCGGCCAC tnnilb, mRNA
TAGAG
TGCAGATACTGCATGGATGACTTCAGGAGATG
H. carvalhoi TAGGGCTAGCTAAGATGGCTTTCTTCCTCCTCC Fish genomes
ACCT
TGCAGTTCTGAAGGTCAAACGAAGTCCAACAT Thalassophryne
H. carvalhoi GCTACTAGATCTCTAATAAAAGTAGCCATTCA  amazonica genome
GTGCA assembly
TGCAGGTACATATATACACCCCAGACAAATAA
H. carvalhoi ATAGTCATCTTGGGTGTTTAATGTGGTACTAAC Fish genomes
TTCA
TGCAGTGCGAGTCCACATTCGTGTTAGACTTG
H. carvalhoi GTCTACCTATGGCCAGGGTAGGACTAAGTTTC plpprda
ACTCG
TGCAGCACATTCCAATAAAAGTTAGGCCAGGG
H. carvalhoi ACAAGGGCTAATGATGTGATTTCAGACGGGTG Fish genomes
ATGTG
TGCAGGGAGAGGGAGAGAGAAAGGCCAAGAC Valencia hispanica
H. carvalhoi ATCCAAGTCGAGCTCCATCAGAGCACCATAAC
genome assembly
GCTATC
TGCAGATGTTGTGTGCAGTAATGTAAAATGTG Fish genomes,
H. carvalhoi ACTGTAATGTGATGTAATGTTTTTAAATCTTAA
TTAT MRNA
TGCAGAAGGCGTTGCATGAGGATGATCAGAAT
H. carvalhoi GTAAATACCTGCGTGGTATGCGACAGCATTCA Fish genomes
TAGAT
TGCAGGACATCGTACTTCACTTTTGTGAGCTTG Conger conger
H. carvalhoi GAGCATAGACCACTTACATATATCAAACTGGT
ATCA genome assembly
H. carvalhoi TGCAGGCGCGTGCCGATAATCAACCTCACACA Fish genomes
CACACTCGCATG
TGCAGAAACGTGGACACTACTGTGAACAGGTC Fish and parasites
H. carvalhoi ATGCAATCCAGCATACGTACGAGCACCATGCA
CGTGT genomes
TGCAGACAAGTGAAAGTATGGGAAGGGAGTG Silurus aristotdlis
H. carvalhoi AAGGGAAGAGGGAGTGCGCACACGTAGGTTA
GAGGAAG genome assembly
TGCAGCCATGCCTTTTTAATGTGTGCATCATGT Thalassophryne
H. dissidens GGTTTTGCATTGTTTTGTTAAAAAATGCATG amazonica genome
assembly
TGCAGGGCTGCTCTCTGCTCAGCACTCAGTGTC
H. dissidens AGTCCGTTTCCACATACCAACTCCAGTGAATA Fish genomes
ATGC
TGCAGTGGCACGTCCGTATAGGACGATTATAT Hypostomus
H. dissidens GGCATGACTGACCGGGCCACTAAAAATGTATA asperatus partia
' AGAAC 28SrRNA gene,

fish genomes
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. dissidens

. duriventris

. duriventris

. fowleri

. guianensis

. intermontana

. intermontana

. intermontana

. intermontana

. intermontana

. intermontana

. kronei

. longipinna

. punctata
. punctata

. rondoni

. rondoni

Harttiasp. 1

Harttia sp. 3

Harttia sp. 3

TGCAGTGTGCACTCCTGTTTGAGCAGCAGGTTC
ACTTCCTCAAGGTCCAGCTTGGAGGGGTCGGG
AAGC
TGCAGAGATCCGCAGCTTAGGTAGGAGTTCTG
TCCACAGTACAACTATTAGTCGTGCATG
TGCAGCAGTGGAAAAATGTTTCCTGGAGTGAT
TAATCATTTTTCACTATCTGGTAGTCTGATGGA
GAAG
TGCAGCTTTAAGCTCAAAACATTCACAGCTAA
AAGAATTGGACCTCAGCTACAATCACCCAGGA
GAGTC
TGCAGGACGGGCGTATGCATGAGCGGTTCAGC
AGGAATGCCGAGACCGATCTCGTATGCCGTCT
TCTGC
TGCAGTAAAAAATGCACCTGCCATATTGCATT
AATCTCAGAATATACACTATATTGCCAAAAGT
ATTCG
TGCAGTTCTAGGTCAGGTTATGAGCCCAAAGA
ATGAGGTCAGCTGATACCTGAATATACTGAAC
CACCA
TGCAGCTTTTTTGTCAGCACAAAGCAGTGAGTT
TTCCTTTATTGCACCATTCTGAGTAAACTCCAG
AGA
TGCAGTAATGCTTGAGTAGATGGTACTGGTCA
AAGTAACATCCACATGAATGCCAGGACTCTAG
TTCTC
TGCAGTCTCTAACTGTAGAGTTAAGAGTACAA
AGTGCACCTATATGGTAAGTGGAGCTGATAAA
ATGAT

TGCAGTCTGTAATTGTAGAACTACAAAGTGTG
TCTAATGGTAAGTGGAGCTGATAAAATGGACA
GTGAG
TGCAGTATTAGTACTAAAGCGTTGAATTCCGCT
GGGTTTAAGTAATGCATCATGTAAATGCAAAA
AAAT
TGCAGGGAGGGCTGGAACCGCTACGTCTGCGA
CTGCGCAGCCACCGGCTTCCTGGGACGCTCGT
GTGAA
TGCAGAAGTTTTTTCTGCTGGCCCTGCAATGGA
CTGGCATCCTATCCAGGGCATG
TGCAGCAACCTGATAGTAGAAATGTTCAATAG
GTGCCTTGCAGCCAGATGCAGCATG
TGCAGGCAAGCAGATAGAGTGTCAGATGGAGT
GGTGTAAAGCATG
TGCAGCATATATGCAAATATGTGGGAGGAATG
TATGAGAAAACTGGAATACCTGGAAAAAAACT
CAAGC
TGCAGAGGTTGTAGAAGTGGGAGGTCAACCTG
TCAGTACTCAGACCATACGCCACACTGCATCA
ATTGG
TGCAGTTGTTCAGGTTTAGGTTCAGCAACATTC
TGTCTCCAATGAATGAGGTCAGCTGACTAACT
GAAT
TGCAGTTGGTCAGGTTTAGGTTCAGAAACATT
ATGTGCATAAACAATGAGGTCAGCTGAAACCT
GAATA

Fish genomes

Raja brachyura
genome assembly

Fish genomes
NLRC3-like, NLR,
TRIM39-like, fish

genomes

Fish genomes

Fish genomes

Fish genomes

Fish genomes

Fish genomes

mterf2, Fish
genomes

znf420, blocls4,
fipllla, ghra,

cdcl4b, pdlim1,
fish genomes

Slurus aristotelis
genome assembly

nrxnla, fish
genomes

Fish genomes
Fish genomes
Fish genomes

nufip2, Scleropages
formosus genome

Fish genomes

Fish genomes

Fish genomes
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1628
1629
1630
1631
1632

TGCAGCGTTTCCCATACATTGATTTATTTATTA
Harttia torrenticola TCAACACTGATTGACATGTTTATTTCATTGATT Fish genomes
CAC
TGCAGGAGGAAAAGCGCACCTGAAGCAGTGC

Harttia torrenticola GAGCAGATGCAGCTGACGCGGCGTCAGAAGC wntdb, Fish
GCGCGTG genomes
TGCAGTAATTCATGCAAAAAAAGGCCCAAGCA
Harttia torrenticola AATATTGAGTGCATAGAAATGAACATACTTTT Fish genomes
CAGAA

TGCAGCAATGTCAGCGTCTTTCAGGACACTAG
Harttia torrenticola CGAATGCCATCTTTGCTACATGAGGCGGGGGG PVALB-B-like
GGAAA

TGCAGATGTGCTGAAGTCATTCAAAGCAAAGG

H. villasboas CATG Fish genomes

Por fim, a modelagem de &reas ancestrais indicou o0 modelo DEC (cladogénese
por dispersdo e extingdo) como o que melhor representa os dados, visto seu menor AIC
em relacdo aos demais modelos (Tabela 17). A andlise demonstrou que o ancestral de
Harttia distribuia-se pela bacia Amazénica, Parand ou Atlantico Sudeste, excluindo as

drenagens das Guianas como possivel centro de origem do grupo (Figura 32).

Tabela 17. Andlise de model os biogeogréficos implementados no BioGeoBEARS, indicando a escolhado
modelo DEC como mais representativo dos dados, visto o menor valor de AIC. LnL = log-verossimilhanca
dos dados em relagé@io ao modelo; AlIC = critério de informacdo de Akaike.

Modelo LnL AlIC
DEC -56,68819 117,3764
DIVALIKE -70,877 145,754

BAYAREALIKE -102,9561 209,9122
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Figura 32. Estimativas de distribuicdo ancestral indicadas pelo modelo DEC implementado no

BioGeoBEARS. A) filogeniade Harttia (conforme Figur a 28) indicando as areas de distribuicdo inferidas

pelaandlise, com as probabilidadesindicadas pel os gréficos de pizza. As &reas utilizadas estdo apresentadas

emb).
1633 Observando os padrdes da modelagem na filogenia (Figura 32a), as bacias dos
1634  rios Tocantins-Araguaia e S8o Francisco, aém das drenagens do Atlantico Leste e das
1635  Guianas, foram colonizadas a partir do ancestral inferido. Concordantemente, eventos
1636  biogeogréficos de colonizagdo de espécies distribuidas na bacia La Plata as drenagens do
1637  Atlantico Leste e Sul, interrompidos apds o soerguimento da Serra do Mar e Serra da
1638  Mantiqueira(30-10 Ma), assim como entre espécies do | este amazdnico as drenagens das
1639  Guianas e do escudo brasileiro (~10 Ma), sd0 descritos como cruciais para a
1640 diversificagdo de peixes da América do Sul (Cassemiro et al., 2023), em especial
1641  membros dafamilia Loricariidae. Assim, o ancestral de Harttia pode ter se diversificado
1642  entre 30 e 23 milhdes de anos atrés, quando o a bacia La Plata se desconectou da
1643 Amazbnia e se ligou aos rios da costa atlantica, em concordancia com a data de
1644  divergénciamédiasugeridaentre Harttia e Farlowella de 30 Ma (Kumar et al., 2017 com
1645  dados de Rabosky et al., 2013; Betancur-R et al., 2015; Cassemiro et al., 2023).
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5 Consideracoesfinais
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A presente tese investigou as rel agdes evolutivas, citogendmicas e biogeograficas
de espécies do género Harttia, que fica evidenciado como um modelo exemplar para
estudos evolutivos. Por conta da diversidade de sistemas de cromossomos sexuais, que
incluem tanto o sistema simples XX/XY quanto multiplos (XX/XY1Y2 e X1X1X>
Xo/X1X2Y) em ~28% das espécies citogeneticamente investigadas, 0 género é
considerado um repositorio de cromossomos sexuais multiplos, sendo um modelo Gnico

dentre os peixes Neotropicais.

A pesquisarevelou que Harttia possui uma estrutura filogenética complexa, onde
nossa reconstrucdo baseada em multiplos marcadores nucleares oferece novas
perspectivas sobre as relacdes evolutivas no grupo. Este estudo foi o primeiro a propor
uma hipotese filogenética para 0 género usando dados genémicos de larga escala,
diferenciando-se dos estudos moleculares anteriores que empregavam dados
mitocondriais ou de genes nucleares isolados. Dessa forma, demonstramos a ocorréncia
de trés principais clados gque também apresentam congruéncia com a distribuicdo
geografica das espécies. O primeiro é composto por espécies distribuidas nas drenagens
das Guianas, cujo cariétipo foi agui investigado pela primeira vez para a literatura
cientificacom adescri¢do citogenéticade H. guianensis. JA 0 segundo engloba as espécies
distribuidas nas bacias do escudo Brasileiro que drenam parao rio Amazonas ou 0 Oceano
Atlantico (i.e., bacias Tapaj6s, Tocantins-Araguaiae Xingl), que teve cinco espéci es agqui
descritas citogeneticamente pela primeiravez (H. dissidens, H. duriventris, H. villasboas,
H. rondoni e Harttia sp. 3). Por fim, o terceiro clado inclui as espécies encontradas nas
bacias do Parana e S0 Francisco, aém das drenagens do Atlantico Leste e Sul. Nossa
model agem biogeogréfica indica que o ancestral se distribuia ou pela bacia Amazénica,
ou Parang, ou Atlantico Sul, enquanto as bacias do Tocantins-Araguaia, S8o Francisco e

Atlantico Leste foram col onizadas secundariamente.

Em metades das espécies caracterizadas na presente tese, observamos
cromossomos sexuais diferencidveis por técnicas citogenéticas, incluindo duas
ocorréncias do sistema X 1X2Y, que anteriormente era conhecido apenas paraH. punctata,
e uma do sistema simples XX/XY, inédito para espécies do clado Il. As andlises de
model agem revelam que, embora esses sistemas variem entre espécies, haindicios de que

todos derivam de um ancestral comum com cariotipo de 2n = 58 e com um sistema
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simples XX/XY. A presenca desse sistema de cromossomos sexuais ancestral é
evidenciada pelo compartilhamento de marcadores ligados a0 sexo entre espécies do
clado | e Ill, o que também indica que um evento de turnover XY-XY ocorreu no clado
[1. Enquanto para as espécies do clado 111, as fusdes de cromossomos sexuais com pares
autossomicos foram fundamentais para o surgimento de sistemas sexuais multiplos,
apresentamos evidéncias que fissdes cromossdmicas contribuiram para a evolugdo dos
Cromossomos sexuai s nas espéciesdo clado 1. A diferenciac@o dos cromossomos sexuais
ocorreu independentemente em cada espécie, conforme apontado pelas andlises de DNA
repetitivo conduzidas ao longo da tese, indicando que fatores ambientais e historicos,
como o isolamento geogréfico, influenciaram as divergéncias evolutivas e a estruturagdo
genética entre as espécies de Harttia.

Em conclusdo, o trabalho contribui significativamente para o entendimento da
evolucdo citogendémica e demografica de Harttia, sendo um modelo relevante para
estudos de diversificacdo em ambientes Neotropicais. Esta tese abre espaco para
investigagdes adicionais, como a exploragdo dos fatores moleculares que regulam a
diferenciacdo dos cromossomos sexuais e a andise das interagdes entre mudancas
cromossomicas, adaptacdes ecol bgicas e aorigem de novas espécies. Além disso, estudos
comparativos com géneros relacionados, como Harttiella e Cteniloricaria, além dos
demais Loricariidae, e andlises em areas pouco estudadas da bacia Amazonica e Escudo
das Guianas, podem enriquecer o conhecimento sobre a histéria evolutiva dos peixes e
permitir uma compreensdo mais ampla dos processos biogeograficos que moldam a

biodiversidade na Américado Sul.
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Abstract: The armored Harttia catfishes present great species diversity and remarkable cytogenetic
variation, including different sex chromosome systems. Here we analyzed three new species, H.
duriventris, H. villasboas and H. rondoni, using both conventional and molecular cytogenetic
techniques (Giemsa-staining and C-banding), including the mapping of repetitive DNAs using
fluorescence in situ hybridization (FISH) and comparative genomic hybridization (CGH)

experiments. Both H. duriventris and H. villasboas have 2n = $56/3'55 chromosomes, and an XiXiXzXz
/X1X2Y sex chromosome system, while a proto or neo-XY system is proposed for H. rondoni (2n =

549d). Single motifs of 55 and 185 rDNA occur in all three species, with the latter being also
mapped in the sex chromosomes. The results confirm the general evolutionary trend that has been
noticed for the genus: an extensive variation on their chromosome number, single sites of rDNA
sequences and the occurrence of multiple sex chromosomes. Comparative genomic analyses with
another congeneric species, H. punctata, reveal that the XiX2Y sex chromosomes of these species
share the genomic contents, indicating a probable common origin. The remarkable karyotypic
variation, including sex chromosomes systems, makes Harttia a suitable model for evolutionary
studies focusing on karyotype differentiation and sex chromosome evolution among lower
vertebrates.

Keywords: Cytogenetics; ribosomal DNA; comparative genomic hybridization; Neotropical fishes

1. Introduction

Siluriformes (Actinopterygii; Teleostei) is a monophyletic order that covers a large deal of the
freshwater fish diversity, with more than 3000 species and 36 families [1,2]. Of the six Loricariidae
subfamilies currently recognized, Hypostominae and Loricariinae are the most representative ones,
with the highest number of species (579 and 302, respectively) and a remarkable karyotypic diversity
[2,3]. Loricariinae fishes are distributed throughout South and Central American rivers, including
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two tribes: Harttiini and Loricariini. The genus Harttia, popularly known as armored catfishes, is
represented by 27 valid species [2,4].

Despite such great species diversity, cytogenetic studies are available for only eight of them, all
from Brazilian Southern regions, with exception for Harttia punctata [3,5-13]. However, although still
limited, the chromosome data are already enough to notice a conspicuous variation of the diploid

number (2n) in the genus, ranging from 2n = 52%9/53G" in H. carvalhoi [8] to 2n = 6293" in H. absaberi
[9]. Chromosomal breaks and rearrangements as Robertsonian fusions, fissions, as well inversions
were proposed to occur in the karyotype diversification of Harttia species [13]. In addition, two

multiple XY-derived sex chromosome systems were also identified: $XX/F'XY1Y2 in H. carvalhoi [8]

and @XiXiXoXo/SXiX2Y in H. punctata [12].

In recent years, a range of molecular cytogenetic investigations (e.g., repetitive DNA mapping
based on fluorescence in situ hybridization (FISH), comparative genomic hybridization (CGH) and
whole chromosome painting (WCP) has been applied in different fish groups, providing new

insights into the evolutionary relationships among them [14-18]. However, the ribosomal genes are
the only repetitive DNA class that has been analyzed in Harttia till now [3,8,12,13]. The rDNA
mapping shows that the 18S sites presents a conserved pattern in number, with a single chromosome
pair carrying these sequences in all analyzed species, but with variation in location and chromosome
carrying them [13]. Similarly, the 55 rDNA is also found in a single chromosome pair in most
species, with exception for H. carvalhoi, in which signals occur in both chromosome pairs 03 and 23
[8,13]. Besides, WCP analyzes are confined to only one species, H. punctata, highlighting the main
chromosomal rearrangements involved in the origin of the XiX2Y sex system in this species [12].

In the most updated phylogenetical reconstruction based on mtDNA, three distinct clades can
be recognized for the genus Harttia involving: (i) species that inhabit rivers of Guyana shield; (ii)
species occurring in north Brazil, especially in Amazonas river basin and its tributaries and (iii)
species distributed throughout southeast/south Brazilian rivers, such as Grande, Sao Francisco and
Parana river basins [19]. However, despite largely widespread in South America, only Harttia
species from southern rivers have been cytogenetically studied to date. Here we analyzed three new
species sampled from Northern Brazilian river basins by performing an extensive cytogenetic
investigation using conventional cytogenetic protocols (Giemsa-staining and C-banding) combined
with molecular cytogenetic ones, including CGH experiments and mapping of several repetitive
DNA classes using FISH. The results allowed us to open a new chapter on the evolutionary history
of Harttia fishes, besides describing new sex chromosome systems.

2. Materials and Methods

2.1. Sampling

The collection sites, number and gender of the specimens investigated are presented in Figure 1
and Table 1. Samples were collected with the authorization of the environmental agency
ICMBIO/SISBIO (License n® 48628-2) and SISGEN (A96FF(09). The specimens were proper identified
by evaluation of their meristic characters by Dr. Osvaldo Takeshi Oyakawa, curator of the Museu de
Zoologia da Universidade de Sao Paulo (MZUSP) and specialist in this fish group. Samples from H.
punctata were used for gDNA extraction and CGH experiments.



Genes 2020, 11, 1179 3 of 16

1] 50 500 ko
——— -

Figure 1. Brazilian collection sites of the three Harttia species cytogenetically investigated in the
present study (colored circles) and the ones previously cytogenetically analyzed (white circles: data
from [9,13]). 1. H. duriventris (ved circle); 2. H. villasboas (yellow circle); 3. H. rondoni (3-green circle); 4.
H. punctata; 5. H. gracilis; 6. H. carvalhoi; 7. H. torrenticola; 8. H. longipinna; 9. H. loricariformis; 10. H.
kronei; 11. H. absaberi. The boxes highlight the non-sympatric distribution of some species.

Table 1. Collection sites and samples size (N) of the species analyzed.

Species Locality N
1 H. duriventris Parauapebas River, Canaa dos Carajas-PA (Brazil) 089, 07
(6°30706.5” S 50°02'35.3”” W)
. Curua River, Cachoeira da Serra-PA (Brazil) (8°44’09.0”
2. H. villasboas 349, 38c
S 54°57°46.0"” W)
. 13 de Maio River, Cachoeira da Serra-PA (Brazil)
3. H. rondoni 159, 144

(8°38’53.0” S 55°01'41.0” W)

Itiquira river, Formosa—GO (Brazil) (15°19'25” S
4. H. punctata 109, 120
47°25'26” W)

2.2. Chromosome Preparation and C-Banding

Mitotic chromosomes were obtained by the protocol described in [20]. Briefly, the animals were
first injected in the abdominal region with a 0.025% aqueous solution of colchicine at a dose of 1
ml/100 g of weight. After 50-60 min, the specimens were euthanized, and the chromosomal
preparations were obtained from cells of the anterior kidney. The experiments followed ethical and
anesthesia conducts and were approved by the Ethics Committee on Animal Experimentation of the
Universidade Federal de Sao Carlos (Process number CEUA 1853260315). C-positive
heterochromatin (C-banding) was identified according to [21]. Briefly, slides were treated with 0,2 N
HCI for 10 min, followed by a short wash in water; incubated in 5% Ba(OH): for 3 min at 42 °C ;
rinsed in water for 1 min and then incubated in 2x SSC (pH 7.0) for 1h at 60 °C. The slides were then
stained in 5% Giemsa solution (phosphate buffer, pH 6.8).
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2.3. Fluorescence In Situ Hybridization (FISH) for Repetitive DNA Mapping

The 5S rDNA probe included 120 base pairs (bp) of the 5S rRNA codificant gene and 200bp of a
non-transcribed spacer (NTS) isolated according to [22]. In its turn, the 185 rDNA probe contained a
1400 bp segment of the 185 rRNA gene and was isolated following [23]. These probes were directly
labeled with the Nick-Translation mix kit (Jena Bioscience, Jena, Germany). The 55 rDNA was
labeled with ATTO550-dUTP and the 185 rDNA with AF488-dUTP, according to the manufacturer’s
manual. The microsatellite sequences (A)so, (CA)1s and (GA)1s were directly labeled with Cy-3 during
their synthesis, as described by [24]. These sequences were selected once they are among the most
abundant ones in fish genomes [14] and generated well visible hybridization patterns in our
experiments. Telomeric (TTAGGG)n sequences were mapped using the DAKO Telomere PNA FISH
Kit/FITC (DAKO, Glostrup, Denmark). The FISH experiments followed the methodology described
in [25]. Briefly, metaphase chromosome slides were incubated with RNAse (40 ug/mL) for 1.5 h at 37
°C. After the denaturation of the chromosomal DNA in 70% formamide/2x SSC at 70 °C for 3 min,
the hybridization mixture (2.5 ng/uL probes, 2 ug/uL COt-1 DNA, 50% deionized formamide, 10%
dextran sulphate) was dropped on the slides, and the hybridization was performed overnight at 37
°C in a moist chamber containing 2x SSC. The first post-hybridization wash was performed with 2x
SSC for 5 min at 65 °C, and a final wash was performed at room temperature in 1x SSC for 5 min.
Finally, the slides were counterstained with DAPI and mounted in an antifade solution (Vectashield
from Vector Laboratories, Burlingame, CA)

2.4. Comparative Genomic Hybridization (CGH)

The total genomic DNAs (gDNAs) from male and female specimens of H. duriventris, H.
villaboas, H. rondoni and H. punctata were extracted from liver tissue by the standard
phenol-chloroform-isoamyl alcohol method [26]. It was focused on inter-and intraspecific
comparisons, with special emphasis on molecular composition of the putative and multiple sex
chromosomes. In the first set of experiments (intraspecific genomic comparisons), the male-derived
gDNAs of all species were labelled with Atto550-dUTP and the female gDNAs with Atto488-dUTP,
by means of nick translation (Jena Bioscience, Jena, Germany). For blocking repetitive sequences, it
was used unlabeled C0t-1 DNA in all experiments (i.e. fraction of genomic DNA enriched with
highly and moderately repetitive sequences), prepared according to [27]. The final hybridization
mixture for each slide (20 pL) was composed of male- and female-derived gDNAs (500 ng each),
plus 25 pg of female-derived COt-1 DNA from the respective species. The probe was
ethanol-precipitated, and the dry pellets were resuspended in hybridization buffer containing 50%
formamide, 2x SSC, 10% SDS, 10% dextran sulfate and Denhardt’s buffer, pH 7.0. In the second set of
experiments (interspecific genomic comparisons), the gDNA of all male specimens now analyzed,
plus the gDNA of H. punctata (a species harboring multiple XiX2Y sex system), were hybridized
against metaphase chromosomes of H. villasboas. For this purpose, male-derived gDNA of H.
villasboas was labeled with Atto550-dUTP, while the gDNAs of the other three species were labeled
with Atto488-dUTP (H. duriventris and H. rondoni) or Atto425-dUTP (H. punctata) both by means of
nick translation (Jena Bioscience, Jena, Germany). In a first slide, the final probe mixture was
composed of 500 ng of male-derived gDNA of each H. villasboas, H. duriventris and H. punctata and 10
ug of female-derived COt-1 DNA of each species. In a second slide, the final probe mixture was
composed of 500 ng of male-derived gDNA of H. villasboas and H. rondoni and 15 pg of
female-derived COt-1 DNA of each species. The chosen ratio of probe vs. COt-1 DNA amount was
based on previous experiments performed in our fish studies [18,28,29]. The CGH experiments
followed the methodology described in [30].

2.5. Microscopic Analysis and Image Processing

At least 30 metaphase spreads per individual were analyzed to confirm the 2n, karyotype
structure and CGH results. Images were captured using Olympus BX50 microscope (Olympus
Corporation, Ishikawa, Japan), with CoolSNAP and the images were processed using Image Pro
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Plus 4.1 software (Media Cybernetics, Silver Spring, MD, USA). Chromosomes were classified as
metacentric (m); submetacentric (sm); subtelocentric (st) or acrocentric (a) according to [31]. The
maps were created using the following software's: QGis 3.4.3 and Adobe Photoshop CC 2020.

3. Results

3.1. Karyotypes, C-banding and Sex Chromosomes

Harttia rondoni has 2n = 54 chromosomes (20m + 26sm + 4st + 4a) in both sexes. In turn, H.
villasboas and H. duriventris have 2n = 56 chromosomes in the female specimens (18m+24sm+6st+8a in
H. villasboas and 16m + 16sm + 16st + 8a in H. duriventris), but 2n = 55 chromosomes in the male
specimens (19m + 24sm + 6st + 6a in H. villasboas and 17m + 16sm + 16st + 6a in H. duriventris). These
specific male karyotypes are due to characteristics XiXiX2X2/X1X2Y multiple sex chromosome
systems, where the Y corresponds to a medium-sized m chromosome (Figure 2).

In all species, C-positive heterochromatic bands are found in the pericentromeric region of all
chromosomes and in the telomeric region of the acrocentric pairs (Figure 2). In general, C-banding
does not identify any chromosome heteromorphism in H. rondoni females. However, in males, a
slight heteromorphic pattern occurs at the proximal C-positive bands on the long arms of the pair 11
(Figure 2). This points to a likely XX/XY sex chromosome system in this species. On the other hand,
no conspicuous heterochromatin accumulation is observed in the Y chromosome of H. duriventris
and H. villasboas.
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Figure 2. Karyotypes of H. duriventris (a—c) H. villasboas (d—f) and H. rondoni (g-i) arranged by
sequentially Giemsa-stained (a, d and g) and C-banded chromosomes (b, e and h) and hybridized
with 55 rDNA (red) and 18S rDNA (green) probes after a double-FISH analysis (¢, f, and i). Boxes
depict the male sex chromosomes. Bar =5 pum.

3.2. Chromosomal Distribution of yDNAs, Microsatellite motifs and Telomeric Repeats

Cytogenetic mapping of the 185 and 55 rDNA sequences showed single sites in corresponding
chromosomes of all three analyzed species. Specifically, the 18S rDNA sequences are mapped in the
pericentromeric region of the XY chromosomes of H. rondoni, where a clear polymorphic state occurs
in males (Figure 2). In both H. duriventris and H. villasboas, these sequences are located in both Xi (in
females) and in the Xi and Y (in males). The statement that these rDNA loci are located on the Xi
chromosome instead of in the Xz is based on available data showing that these sequences are also
found in the corresponding X chromosome of the sister species, H. rondoni.

The Ao motif showed hybridization in nine male chromosomes and in ten female
chromosomes in all three species, this difference being due to the absence of signals in the Y
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chromosomes. Besides, H. rondoni also presents some small scattered marks in all other
chromosomes for this same microsatellite. For the GAgs) probe, small scattered signals occur in the
chromosomes of all species, with accumulation on telomeric regions. However, the sex
chromosomes also present different accumulation patterns for this microsatellite: on the telomeric
region of the Xz and the Y chromosomes of H. duriventris, on the telomeric regions of the X1, X2 and Y
of H. villasboas, and strongly accumulated in the telomeric region of both X and Y chromosomes of H.
rondoni. Additionally, CAqus) were identified in the telomeric regions of almost all chromosomes, of
H. villasboas, including the sex ones (Figure 3).

L Fubvarrinky T WL sl
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Figure 3. Metaphase chromosomes of males H. duriventris, H. villasboas and H. rondoni hybridized
with microsatellite-containing oligonucleotides. Chromosomes were counterstained with DAPI
(blue) and microsatellite probes were directly labeled with Cy3 during synthesis (red signals). The

female sex chromosomes are shown in boxes. Bar =5 um.

FISH with telomeric (TTAGGG)n probe applied to male metaphases of H. duriventris, H.
villasboas and H. rondoni revealed hybridization signals on the telomeres of all chromosomes in both
species, with no additional interstitial telomeric sites (ITS) (Figure 4).
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Figure 4. Male metaphase plates of H. duriventris (a), H. villasboas (b) and H. rondoni (c) showing
telomeric hybridization signals on both telomeres of all chromosomes. Bar =5 pum.

3.3. Comparative Genomic Hybridization (CGH)

3.3.1. Intraspecific Genomic Relationships: Detecting Male-Specific Regions

In all species, CGH procedure failed to detect any conspicuous sex-specific region on male
chromosomes (Figure 5). However, a slight binding preference for the male-derived probe to the
pericentromeric region of the Y chromosome of H. villasboas and H. duriventris, and to the Y
chromosome of H. rondoni was evidenced (Figure 5). Female-derived probe produced only a faint
hybridization signal in such regions, while both probes matched equally the large heterochromatic
pericentromeric segment in the Xi chromosome of H. villasboas and H. duriventris, and in the X
chromosome of H. rondoni (Figure 5).

M. duriventris

Ha rendani

Figure 5. Mitotic chromosome spreads of males H. duriventris (A-D), H. villasboas (E-H) and H. rondoni
(I-L) after intraspecific CGH procedures. Male- and female-derived genomic probes were hybridized
together for each species. First column (A, E and I): DAPI images (blue); Second column (B, F, and J):
hybridization pattern of the male-derived probe (red); Third column (C, G, and K): hybridization pattern
of the female-derived probe (green). The fourth column (D, H, and L): merged images of both genomic
probes and DAPI staining. The common genomic regions for males and females are depicted in yellow.
Sex chromosomes are indicated. Bar = 10 pm.
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3.3.2. Interspecific Genomic Relationships, Focusing on the Multiple X1X2Y Sex System

When the gDNA of H. duriventris, H. villasboas and H. punctata (all XiX2Y-species) was
compared, no species-specific region in the sex-chromosomes were observed, thus pointing to their
common genomic content (Figure 6).

H. wittasboas g e

Hpiin GoONK

Figure 6. Comparative Genomic Hybridization (CGH) of Harttia species bearing XiX2Y sex
chromosome system. Mitotic male chromosome spreads of H. willasboas (A) hybridized against
male-derived genome probes of H. willasboas (B), H. punctata (C) and H. duriventris (D). Sex
chromosomes are indicated and the common genomic regions for the three species are depicted in
yellow on (A). Bar = 10 pm.

4. Discussion

4.1. Evolutionary Relationships among Harttia Species

Chromosome data have shown that Harttia species, as a whole, presents an extensive variation
in the diploid number, karyotype composition, in addition to multiple sex chromosomes in some
species [5-8,10-12], the latter corresponding to an uncommon condition among fishes. Here we
brought new data for three yet unexplored Amazonian species. If we consider previous available
data, it is noticeable that the chromosome numbers of all species now investigated fit into the range
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of variation previously described for the genus, i.e., 2n = 52%9/535 in H. carvalhoi [8], and 2n = 6295 in
H. absaberi [9]. In addition, the general trend of single rDNA locus occurring in rearranged
chromosomes is maintained within the genus [13]. However, a striking feature is that they all
present new cases of sex chromosomes: an XiXi1X2X2/X1X2Y system in H. duriventris and H. villasboas
and a proto or a neo-XY system in H. rondoni (discussed below).

The karyotype diversification and morphological patterns are often indicators of the lifestyle of
a species [32,33]. Although Harttin have a wide geographic distribution in many South American
rivers and small streams, their low vagility fosters the fixation of chromosomal rearrangements into
small populations, thus promoting chromosomal diversity. Indeed, several other fish species also
presenting the same above characteristics, have been evidenced as carriers of a wide variety of
karyotypes: A. fasciatus, for example, presents karyotypes with 2n = 45, 46, 47, 48 and 50
chromosomes [34-36] and Hoplias malabaricus, with seven main karyotypes including multiple and
simple sex chromosome systems [23,37-39]. In Late Cretaceous and Cenozoic, large-scale tectonic
events led to changes in river courses and watershed limits, resulting in complex river dynamisms
[40], and affecting the distribution of fish populations. For example, the Serra do Cachimbo region
(Para-Brazil), presents highlands that reach 740 m of altitude, divided between Xingu and Tapajos
river basins [41]. Located at the northern border of the Brazilian shield, this region has a high
number of endemic species such as Leporinus guttatus [42], three species of Lebiasina genus [43], and
Harttia villasboas and H. panara [41]. This high number of endemic species can be attributed by the
high number of headwaters of the Xingu and Tapajos rivers [41]. There, H. rondoni and H. villasboas
have a probable geographic barrier due to a series of waterfalls 40-60 m height, over a 50 m stretch,
where H. rondoni and H. villasboas occur below and above this set of waterfalls, respectively [41,44].
Despite some karyotype similarities that they share, such as the higher number of m and sm
chromosomes, a vicariance event may have facilitated the fixation of another series of chromosomal
rearrangements in both groups, including the origin of two distinct, but related sex chromosome
systems (a proto or- neo-XY system in H. rondoni and a multiple XiXiX2X2/XiX2Y system in H.
villasboas). The generation of multiple sex chromosome systems usually involves centric fusions or
fissions events and may retain vestiges of interstitial telomeric sequences (ITS) [45]. Our
chromosomal mapping of telomeric sequences only reveal the expected terminal signals, without
any ITS in the three species. However, it is also known that Robertsonian rearrangements can also
lead to the loss or reduction of sequences close to the chromosomal breakpoints [45], and it is likely
that this particular condition is responsible for the absence of ITS, as well as of microsatellite
sequences and C-positive heterochromatin that, although identified on the Xi and X2 chromosomes
of H. duriventris and H. villasboas, they are missing in the Y chromosome.

Blanco [13] discussed the split of H. punctata from a southeast clade with the origin of its
multiple sex chromosome system being a characteristic determinant, probably originated from an
ancestor with 2n = 58 chromosomes without a differentiated sex chromosome system. Now, one
specific chromosomal pair present in H. rondoni shares similar patterns to the XiX2Y sex
chromosomes present in the other closely related species, opening two main scenarios: (i) a proto-XY
hypothesis: The X and Y chromosomes differ only slightly due to the amplification of repetitive
sequences (major rDNAs) on the X chromosome, thus representing an early stage of differentiation.
As all its closely related species until now studied have sex chromosomes (Figure 7, dotted line), we
could hypothesize that this 2n = 58 ancestor have also carried a proto-XY sex system, as is the case of
H. rondoni. Afterwards, chromosomal fissions on the X chromosomes may have created the X1 and X2
chromosomes present in H. punctata, H. duriventris and H. villasboas. (ii) A Neo-XY hypothesis:
chromosomal fusions involving the ancestral X and Y chromosomes and a pair of autosomes could
create such a neo-XY sex system, leading to the reduction of the 2n from 56 (present in the sister
species) to 54 in H. rondoni. Besides, the bigger size of the neo-X chromosome in comparison with the
Y and the loss of a A(n) rich region closer to the ribosomal loci in the later support this hypothesis.
Among fishes, some cases of neo-XY sex chromosomes emerging from X and/or Y-autosomal
translocations have been also observed [46-48]. Neo-sex chromosomes may not necessarily lead to
the emergence of multiple sex chromosomes, as equal addition of autosomal segments to both sex
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chromosomes generates neo-XY or neo-ZW systems. Complementary studies, focusing on whole
chromosome painting and in the genomic organization of these sex chromosomes, are necessary to
clarify these two abovementioned hypotheses.
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Figure 7. Adapted phylogenetic tree for the genus Harttia, based on the molecular-phylogenetic data

generated by Covain [19]. Previous and now cytogenetic analyzed species are indicated in blue and
red, respectively. The multiple Xi1Xz2Y (green boxes) and XY1Y2 (blue box) sex chromosome found in
Harttia is also indicated, together with the putative proto or neo XY system (purple box). Species
from northern Brazilian region are highlighted with the dotted line.

4.2. The Genus Harttia as A Repository of Multiple Sex Chromosome Systems

Teleost fishes represent one of the most diverse groups in terms of sex determination and
differentiation [49,50]. Heteromorphic sex chromosomes are identified in about 5% of so far
analyzed species [51], mostly corresponding to simple systems, the XX/XY being the most frequent
one [52]. Multiple sex chromosomes occurs in a much lower number and, according to Pennel [53],
47 of such occurrences had been so far recorded, encompassing five different kinds of systems,
named X1 X1 X2 Xo/aIX1X2Y, XX/FXY1Y2, X1 X1 X2Xo/adX1Y1X2Y2, GZZ/RZW1W2 and
021217272/ 71W1Z2W», the first of them being the most prevalent one [54]. Here, a marked feature of
both H. villasboas and H. duriventris karyotypes is an X1X2Y sex chromosome system. Such
occurrences, together with the two previous multiple systems described for H. punctata (X1X2Y) and
H. carvalhoi (XY1Y2), makes Harttia the genus with the most abundant number of multiple sex
chromosome systems up to now identified among fishes [53].

It is known that Y-A fusions are the most common rearrangements related to the origin of XiX2Y
systems [53] and it is likely that this is also true for both H. duriventris and H. villasboas cases. But the
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find of the concomitant proto/neo XY-system in the sister species, H. rondoni, adds a relevant
question in this evolutionary puzzle. In such system the sex pair differ only slightly by the
accumulation of repetitive sequences in only one of the chromosomes, i.e., the Y one. This
heteromorphism was not always clearly detected on the pattern of the C-positive heterochromatin,
but it was evident after the 185 rDNA mapping and the intraspecific CGH experiments. This
scenario alone could raise doubts about the existence of such a proto-XY system, reinforcing the
probable neo-origin to this chromosomal sex system. However, when the chromosomal pattern of H.
rondoni is compared with those of H. villasboas and H. duriventris, it is possible to establish the
karyological relationships among these species supporting the real occurrence of the putative sex
chromosomes in H. rondoni, and the origin of the multiple X1X2Y sex chromosome systems in the two
latter species. In fact, comparative genomic hybridization (CGH), plus chromosomal mapping of
microsatellites and rDNAs repeats highlight that these three Harttia species share the same
distribution pattern in the sex chromosomes. Although H. punctata also presents an X1Xz2Y system, its
rDNA distribution includes both 55 and 18S sequences on the sex chromosomes [11,13], which is
different from H. duriventris and H. villasboas where only 18S motifs occur on them, probably by a
translocation of the 55 rDNA motif, present in the Xi of H. punctata, to autosomal chromosomes
during lineage diversification in H. duriventris, H. villasboas and H. rondoni.

Meaningly, a close association between microsatellites, IDNAs and multiple sex chromosomes
has been reported for many fish taxa [55-59], which highlights the probable role of these sequences
in the genesis of such systems. Despite our CGH data do not reveal any conspicuous Y-specific
region, neither in both Y chromosomes of H. duriventris and H. villasboas, nor in the proto/neo-Y of H.
rondoni, a slight binding preference for the male-derived probe occur at the pericentromeric region of
all these chromosomes (Figure 5). Potential effects of repetitive DNA accumulation on
recombination rate have been considered [60], what could explain their initial accumulation on the
sex chromosomes. When sex chromosomes stop recombination, repetitive sequences are predicted
to have a rapid accumulation on them [61], and microsatellite repeats seem to play a key role as
“early colonizers” in their differentiation [24,62]. Numerous examples in animals and plants
document a massive and differential accumulation of such small motifs in sex-specific
chromosomes, particularly in simple (XY or ZW) systems [24,56,63-67]. However, most XiXz2Y
systems lack substantial differentiation in the neo-Y, since the accumulation of repetitive DNAs (=
large blocks of heterochromatin) would impair the proper pairing of the neo-sex chromosomes into a
stable trivalent form, thus disturbing the meiotic process [68]. Here, no significant differences in
microsatellites distribution could be identified concerning autosomes and sex chromosomes of the
Harttia species. In general, while (A)s sequences presented a strong accumulation pattern in the
pericentromeric regions of some chromosomal pairs, both (CA)is and (GA)isdisplayed a widespread
distribution pattern, with preferential accumulation in some telomeric regions (Figure 3). Besides, as
evidenced by C-banding and CGH experiments, all the Xi, X2 and Y chromosomes do not
accumulate repetitive sequences, and the Y chromosome of H. rondoni is even missing (A)so
sequences probably lost after the chromosomal rearrangements related to its genesis. Thus, the
recombination suppression in multiple sex chromosome system is a question that deserves to be
better clarified.

According to the most updated phylogeny proposed for the genus Harttia [19]. H. duriventris, H.
villasboas, and H. punctata, all harboring multiple XiX2Y sex system, are evolutionary related and
belong to the same major clade. In accordance with, our CGH experiments showed that they sex
chromosomes share genomic content, thus pointing to their relatedness and to a probable common
origin. This is a characteristic that, in general, is not found among teleosts species. Although some
Megaleporinus [69], Parodon [70] and Characidium species [71], as well as the whole genus Triportheus
[66,72], have their sex chromosomes with a common origin and differentiation, this is an exceptional
scenario [73]. In fact, an independent origin is more commonly found, even among congeneric
species [49,52,74-78]. According to Schartl [79], such a situation could be explained by the
emergence of sex-determining genes on different chromosomes which, by mutation, would promote
male or female development and giving rise to new sex chromosomes. Next steps, implying
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finer-scale approaches such as Zoo-FISH experiments with whole chromosome painting (WCP),
coupled with recent genome sequencing procedures, will shed more light on this issue, especially in
the recent or ancient origin of the XY system of H. rondoni and its significance to the group.

5. Conclusions

Chromosomal data of the Brazilian northern Harttia species (H. duriventris, H. villaboas, H.
rondoni and H. punctata) support the common origin for their sex chromosome systems.
Additionally, the results also allowed us: (i) to track their evolutionary relationships with other
Harttia species, adding new light on their relatedness inside the genus; (ii) to describe two new
multiple sex chromosomes systems of the XiX2Y type; and (iii) to highlight a proto or neo-XY system
in H. rondoni and its close association with the aforementioned multiple sex systems. The remarkable
variation on karyotypic organization, in addition to the frequency and different types of sex
chromosomes systems inside the genus, makes Harttia an useful model for evolutionary studies
among fish focusing on karyotype differentiation and sex chromosomes evolution.
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Simple Summary: Fishes represent a useful model for evolutionary studies, given their diversity
of species and habitats. In this study, we investigate the chromosomes of three unexplored Harttia
fish species from the Amazonian region and compare the obtained data with previous analyses. Our
data reveal that both Harttia dissidens and Harttia sp. 3 exhibit the same number of chromosomes
in their cells (54), but that they differ in the karyotype organization. Harttia guianensis possesses
58 chromosomes, being thus the first representative from north Brazil to present this feature for
both sexes. Although otherwise rather common in Harttia species, we observed no chromosomal
differences between sexes in all but one species. Namely in Harttia sp. 3, we revealed signs of initial
differentiation between homologues of one chromosome pair in males but not in females. Altogether,
our data bring new evidence strengthening the view that Harttia spp. represent an informative model
for studying patterns of karyotype and sex chromosome dynamics in teleost fishes.

Abstract: A remarkable morphological diversity and karyotype variability can be observed in the
Neotropical armored catfish genus Harttia. These fishes offer a useful model to explore both the
evolution of karyotypes and sex chromosomes, since many species possess male-heterogametic sex
chromosome systems and a high rate of karyotype repatterning. Based on the karyotype organization,
the chromosomal distribution of several repetitive DNA classes, and the rough estimates of genomic
divergences at the intraspecific and interspecific levels via Comparative Genomic Hybridization,
we identified shared diploid chromosome numbers (2n = 54) but different karyotype compositions
in H. dissidens (20m + 26sm + 8a) and Harttia sp. 3 (16m + 18sm + 14st + 6a), and different 2n in
H. guianensis (2n = 58; 20m + 26sm + 2st + 10a). All species further displayed similar patterns of
chromosomal distribution concerning constitutive heterochromatin, 18S ribosomal DNA (rDNA)
sites, and most of the surveyed microsatellite motifs. Furthermore, differences in the distribution
of 55 rDNA sites and a subset of microsatellite sequences were identified. Heteromorphic sex
chromosomes were lacking in H. dissidens and H. guianensis at the scale of our analysis. However, one
single chromosome pair in Harttia sp. 3 males presented a remarkable accumulation of male genome-
derived probe after CGH, pointing to a tentative region of early sex chromosome differentiation.
Thus, our data support already previously outlined evidence that Harttia is a vital model for the
investigation of teleost karyotype and sex chromosome dynamics.
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1. Introduction

With more than 35,000 species [1], fishes have the richest biodiversity among verte-
brates [2,3]. The evolutionary success of ray-finned and especially teleost fishes seem to be,
at least partially, related to a higher plasticity of their genomes when compared to other
vertebrates [4-7], going hand in hand with their propensity towards polyploidization and
hybridization events [8,9]. Another factor at play is the wealth of aquatic niches fishes adapted
to [2,10-12], and the geomorphological parameters affecting the dispersion and populational
dynamics in particular species (e.g., [13,14]). In effect, at the level of genome organization,
fishes present a wide range of chromosome counts and genome sizes [15,16] and the karyotype
dynamics may differ considerably among lineages [17]. Finally, fishes encompass astounding
variability in mechanisms of sex determination and differentiation [18-22].

Siluriformes (Teleostei, Ostariophysi) represent a lineage with high diversification,
comprising more than 3000 species distributed among 39 families [1]. Inside Siluriformes,
the family Loricariidae whose representatives are commonly known as “armored catfishes”
(due to ossified plates covering their bodies; [23]) encompasses 1015 recognized species
included in more than 100 genera [1]. It is hence the most species-rich siluriform fam-
ily. These fishes are distributed throughout the Neotropical region, but with the greatest
diversity being found from north Costa Rica to south Argentina [24]. Notably, the di-
versification is associated with huge karyotype variability in Loricariidae, with diploid
chromosome numbers (2n) ranging from 36 in Rineloricaria latirostris to 74 in Sturisoma cf.
nigrirostrum [25-27]. Additionally, several types of sex chromosome systems including
standard, derived, and multiple ones have been described for Loricariidae, as exemplified
by Hypostomus genus with different ZW and XY cases [28-31], XX/ XY, XX/X0, ZZ/ZW,
and Z17217,7,/Z1Z,W1 W3 in several Ancistrus species (reviewed in ref. [32]), and three
male-heterogametic systems in the genus Harttia (see below).

In this context, the genus Harttia can be recognized as a remarkable model for cyto-
genetic studies, especially to investigate the evolutionary processes related to sex chro-
mosomes, diversification and karyotype dynamics [33-36]. Harttia harbors 27 recognized
species [1,37], of which only 14 have been cytogenetically analyzed to date, along with
several other Harttia spp. waiting for proper taxonomic description (summarized in [35]).
This genus also encompasses the second-largest variation in the 2n among Loricariidae,
ranging from 2n = 52 (females) /53 (males) in Harttia carvalhoi [33] to 2n = 62 in H. absaberi
and Harttia sp. 2 [35,38]. Furthermore, three different male-heterogametic sex chromosome
systems are known or have been suggested to exist among Harttia species: XX/XY1Y> in
H. carvalhoi, H. intermontana, and Harttia sp. 1 [33,35], X1X1XoX2/X1 XY in H. punctata,
H. villasboas, and H. duriventris [34,36], in addition to a putative XX/XY in H. rondoni [36].

Harttia kronei was the first species analyzed cytogenetically in the genus [39] and,
for a long time, a single representative of Harttin was studied from this perspective in
the northern Brazilian region: the species H. punctata [34]. However, this gap has been
progressively closed with our previous studies on Harttia duriventris, H. rondoni, and H. vil-
lasboas [36]. Here, we aim to cytogenetically investigate another three representatives from
this region. For this, we applied C-banding, repetitive DNA mapping, and comparative
genomic hybridization (CGH) experiments in H. dissidens, H. guianensis, and Harttia sp. 3.
Our results highlight the high chromosomal dynamics within the investigated species and
a putative early stage of sex chromosome differentiation, particularly in Harttia sp. 3.
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2. Materials and Methods
2.1. Sampling

Three collection sites in the Brazilian Para state (Figure 1, Table 1) were accessed,
allowing the sampling of three species: Harttia dissidens, H. guianensis, and another yet
undescribed taxon herein referred to as Harttia sp. 3.
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15 - Howriasp 1
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Figure 1. Brazilian territory (green), and the Harttia species cytogenetically analyzed in former reports [34-36,38] (white
circles), including the present study (red circles). Each Harttia species is presented by a certain number; the table with the

coding system is presented in the white frame on the right.

Table 1. Geographic coordinates of the collection sites and the number of specimens per species analyzed in this study. The
number codes placed before the species names correspond to the numbering system in Figure 1.

Species

Locality n

Upper section of Grim waterfall, Tambor stream,

3-Harttia dissidens Rurépolis-PA, Brazil (4°5'37.8" S 55°0'30.2" W) 259, 07¢
. . . Paraiso stream (formerly known as Inferno stream),

6-Harttia guianensis Alenquer-PA, Brazil (1°29'02.2" § 54°50'31.2" W) 10, 069

17-Harttia sp. 3 Rio do Peixe, Cachoeira da Serra, Altamira—-PA 159 119

(08°39'20.7"" S 55°09'24.1" W)

Sampling was done with the authorization of the environmental agency ICMBIO/
SISBIO (License 48628-14) and SISGEN (A96FF09). The species Harttia dissidens and H. guia-
nensis were identified by Dr. Licia Helena Rapp-Py Daniel, curator of the fish collection
of the Instituto Nacional de Pesquisa da Amazonia (INPA) and deposited there under the
voucher numbers INPA-ICT 059577 and INPA-ICT 059584, respectively. The specimens
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of Harttia sp. 3 were scientifically described by Dr. Oswaldo Takeshi Oyakawa, from the
Museu de Zoologia da Universidade de Sao Paulo (MZUSP).

2.2. Chromosome Obtainment and C-Banding

The living animals were anesthetized with Eugenol before the anterior kidney ex-
traction for the obtainment of mitotic chromosomes following the classical air-drying
protocol [40]. Experiments followed the ethical conducts approved by the Ethics Commit-
tee on Animal Experimentation of the Universidade Federal de Sao Carlos (Process number
CEUA 1853260315). The detection of constitutive heterochromatin regions followed the
C-banding protocol [41]. The C-banding procedure was performed on the slides previously
used for the mapping of ribosomal DNAs, to allow a sequential analysis of the same
metaphase plates.

2.3. Fluorescence In Situ Hybridization (FISH)-Based Experiments

Ribosomal DNA (rDNA), microsatellite, and the telomeric (TTAGGG), sequences
were used as probes for chromosomal mapping by FISH. The 55 rDNA probe was prepared
according to Pendas et al. [42] from Hoplias malabaricus genome, containing a 120-base pair
(bp) segment of the 55 rDNA transcribed region and 200 bp of a non-transcribed spacer
(NTS). This probe was red-labeled with ATTO550-dUTP using the Nick-Translation mix
kit (Jena Bioscience, Jena, Germany). The 185 rDNA probe, containing a 1400 bp-long
segment of the transcribed region was also isolated from H. malabaricus following Cioffi
et al. [43] and green-labeled with AF488-dUTP using the Nick-Translation mix kit (Jena
Bioscience). The microsatellites (A)sg, (CA)i5, and (GA)5 were selected based on their
abundance and patterns of chromosome distribution encountered in previous studies in
different fish species [36,44], and the corresponding probes were directly labeled with
Cy3 (Sigma-Aldrich, Darmstadt, Germany) during their synthesis, as described in [45].
Telomeric sequence (TTAGGG), was in situ located using the DAKO Telomere PNA FISH
Kit/FITC (DAKO, Glostrup, Denmark). High stringency conditions described in [46] were
used in all FISH experiments. As a final step for all fluorescence assays, chromosomes were
counterstained with 4’,6-diamidino-2-phenylindole (DAPI), and the slides were mounted
in an antifade solution (VECTASHIELD; Vector Laboratories, Burlingame, CA, USA). Two
sets of comparative genomic hybridization (CGH) experiments were designed to seek for
the occurrence of sex chromosomes, both following the protocol of Sember et al. [47], with
adaptations on probe/Cyt—1 DNA ratio based on previous Harttia studies [35,36]. In the
first set of experiments, male and female genomic probes were co-hybridized to the male
chromosomes (i.e., the expected heterogametic sex), in each species separately, to detect
regions with specific or biased hybridization of male probe which might point to regions
with sex-specific repetitive DNA accumulation on sex chromosomes. For this experimental
scheme, male and female-derived whole-genome DNAs (gDNAs) of all analyzed species
were extracted from the liver tissue by the standard phenol-chloroform-isoamyl-alcohol
method [48] and labeled with ATTO550-dUTP (male gDNA in red) and AF488-dUTP
(female gDNA in green) using the Nick Translation mix kit (Jena Bioscience). To block
the excess of shared repetitive sequences, an unlabeled Cyt-1 DNA, obtained from each
species according to Zwick et al. [49] was included in the final probe mixture. For each
slide, male and female genomic probe (500 ng each) and 25 pg of female-derived Cpt—1
DNA from the respective species were co-precipitated in 96% ethanol, and the dry pellets
were resuspended in 20 pL of the hybridization buffer containing 50% formamide, 2 xSSC,
10% dextran sulfate, and Denhardt’s buffer (pH 7.0). In the second CGH assay, the genomes
of H. dissidens and H. guianensis were compared to one of H. villasboas, which possesses
an X1 X1 X2X2/X1X2Y sex chromosome system and whose chromosome preparations were
previously obtained by our research group [36]. For this purpose, male-derived gDNAs
from H. dissidens, H. guianensis, and H. villasboas were extracted as described above and
labeled with fluorochromes emitting green (AF488-dUTP), cyan (ATTO425-dUTP), and red
(ATTO0550-dUTP) fluorescence, with the Nick Translation mix kit (Jena Bioscience). The
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final probe mixture was composed of 500 ng of male-derived gDNA of each species and
10 pg of female-derived Cyt—1 DNA of each species. This probe was then hybridized to
the male metaphase plates of H. villasboas.

2.4. Image Analysis and Processing

The 2n, karyotype structure, distribution of repetitive DNAs, and CGH results were
confirmed by the evaluation of results in at least 30 metaphase spreads per individual. Im-
ages were captured using an Olympus BX50 microscope (Olympus Corporation, Ishikawa,
Japan), coupled with a CoolSNAP camera, and processed using Image-Pro Plus 4.1 soft-
ware (Media Cybernetics, Silver Spring, MD, USA). Chromosomes were classified as
metacentric (m), submetacentric (sm), subtelocentric (st), or acrocentric (a) according to
their arm-ratios [50]. Figures were organized with Adobe Photoshop CC 2020.

3. Results

Harttia dissidens and Harttia sp. 3 exhibited the same 2n = 54 chromosomes but
differed in the karyotype composition: 20m + 26sm + 8a and 16m + 18sm + 14st + 6a,
respectively. On other hand, H. guianensis differed from the other two species both in 2n
and karyotype constitution: 2n = 58, and 20m + 26sm + 2st + 10a chromosomes (Figure 2).
In H. dissidens and H. guianensis, constitutive heterochromatin was located preferentially
in the pericentromeric and terminal regions of several chromosomes, but with distinct
patterns of distribution between the species. In turn, Harttia sp. 3 differed by having
larger C-positive bands, with signals distributed in the pericentromeric regions of almost
all chromosomes (Figure 2). The mapping of the 185 rDNA sequence revealed a single
chromosome pair bearing these sites in all three species (pair 24 in H. dissidens, pair 25
in H. guianensis, and pair 1 in Harttia sp. 3). The 55 rDNA cluster was found in a single
chromosome pair in H. dissidens (pair 19) and Harttia sp. 3 (pair 15), and in two chromosome
pairs (4 and 25) in H. guianensis. It is also notable that both 5S and 185 rDNA sites present a
syntenic location on chromosome pair 25 in H. guianensis (Figure 3b).

Glemsa staining C-banding
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Figure 2. Karyotypes of three Harttia species arranged from mitotic metaphases after Giemsa staining, and C-banding.
Harttia dissidens (A), H. guianensis (B), and Harttia sp. 3 (C). Scale bar = 10 pm.
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B 55 rDNA /I 185 rDNA

Figure 3. Karyotypes of Harttia dissidens (a), H. guianensis (b), and Harttia sp. 3 (c) after dual-color FISH: 5S (red signals)
and 18S (green signals) rDNA. Note the adjacent position of 55 and 185 rDNA signals on chromosome pair No. 25 in
H. guianensis (b). Chromosomes were counterstained with DAPI (blue). Scale bar = 10 pum.

The mapping of three microsatellite sequences revealed a similar pattern for (CA);5
and (GA)15, with accumulation at the terminal regions of all chromosomes. The last studied
motif, (A)zp, presented a dispersed distribution throughout the chromosome complement
of H. dissidens and H. guianensis, while it was accumulated in the pericentromeric regions of
few chromosome pairs in Harttia sp. 3 (Figure 4). The mapping of the telomeric (TTAGGG),
sequence revealed only the standard pattern in all the three species, i.e., positive signals at
the physical ends of all chromosomes (Figure Al).
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Harttia dissicens Harttia guianensis Harttia sp. 3

Harttio dissidens Harttia guignensis Harttia sp, 3

Harttia aissidens Harttia guianensis Harttia sp. 3

Figure 4. Chromosomal mapping of three microsatellite sequences on Harttia mitotic chromosomes. Probes (red signals):
(A)s0, (CA)15, and (GA)15. Chromosomes were counterstained with DAPI (blue). Scale bar = 10 um.

The CGH-based experiments between sexes in each of the three analyzed species
showed approximately equal binding of both male- and female-specific probes to the vast
majority of chromosomes in the male complement, with preferential location to regions
with high content of repetitive DNA (yellow signals, i.e., combination of green and red
fluorescence). In Harttia dissidens and H. guianensis, CGH failed to reveal any region with
predominant or exclusive hybridization of the male-specific probe, thus we did not observe
any signs of potential sex chromosome molecular differentiation at the level detectable
by this methodological approach. In Harttia sp. 3, however, the male genomic probe
predominantly (but not exclusively) marked the pericentromeric region of one large-sized
metacentric chromosome pair (Figure 5).
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Figure 5. Mitotic chromosome spreads of Harttia males after intraspecific (male-to-female) CGH procedure. Harttia
dissidens (a—d), H. guianensis (e-h), and Harttia sp. 3. (i-1). First column (a,e,i): DAPI images (blue); second column (b f,j):
hybridization patterns of male gDNA probes; third column (c,g k): hybridization patterns of female gDNA probes; fourth
column (d,h,1): merged images of both genomic probes and DAPI counterstaining. Regions with excessive hybridization
of both genomic probes are yellow (i.e., combination of green and red). Asterisks highlight the regions with preferential
accumulation of male gDNA probe when compared to patterns of a female gDNA probe hybridization. Scale bar = 10 um.

We further performed a second CGH assay with hybridization of the male genomic
probes from Harttia dissidens, H. guianensis, and H. villasboas against the chromosomal set
of H. villasboas (i.e., the species previously reported to have X;X;X;X;/X1XoY multiple
sex chromosome system; see ref. [36]). We found uniform hybridization patterns of both
H. dissidens and H. guianensis probes across the chromosome complement of H. villasboas
males. The H. villasboas male probe seldom predominantly highlighted the regions of
high repetitive content, pointing to the fact that the other two compared genomes do not
(qualitatively or quantitatively) share this specific portion of H. villasboas repetitive DNA
classes (Figure 6).
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Figure 6. Mitotic metaphase from Harttia villasboas male after interspecific comparative genomic hybridization (CGH).

Chromosome spreads were probed with male-derived genomic probes from Harttia villasboas (red) (b), H. dissidens (green)

(c), and H. guianensis (light blue) (d). The composed image (e) contains all three merged genomic probes and DAPI

counterstaining (a). The genomic regions with shared excessive hybridization of applied male genomic probes are yellowish.

Scale bar = 10 um.

4. Discussion
4.1. New Pieces into the Chromosomal Evolution of Harttia

In a previous chromosomal study in Harttia species, 2n = 58 was proposed as the
likely ancestral 2n for this genus [34]. A few years later, the karyotype diversity among
Harttia species was described as the result of three different evolutionary pathways: (i) the
maintenance of the ancestral 2n = 58 up to today; (ii) the elevation of 2n by centric fissions,
and (iii) the 2n reduction by fusions [35]. Here, we add new pieces to this puzzle by
analyzing the karyotypes of another three Harttia species.

In the most recent phylogenetic analysis of the subfamily Loricariinae [51], the exis-
tence of three clades within the Harttia genus was proposed. The earliest-diverging clade is
composed of H. guianensis, H. tuna, H. fluminensis, and H. surinamensis which inhabit waters
from the Guiana shield. The two more recently diverging clades display a well-defined and
non-overlapping geographical distribution. Their species are found in southeast and south
Brazilian regions, which are separated from the northern rivers. Until the present study,
cytogenetical investigations only comprised fishes from the latter two clades [34-36].

The description of the H. guianensis karyotype in the present study reinforces the pro-
posal of 2n = 58 as the ancestral 2n for the genus [34]. If we keep in mind that this species is
basalmost in the clade, as pointed by phylogenetic reconstructions [51,52], and that it shares
the same 2n with other Harttia species from other clades, such as H. gracilis, H. longipinna,
and H. punctata, such hypothesis is still valid but lacks profound reconstruction analysis.
Furthermore, although not a common occurrence, the syntenic organization of at least some
sites of both rDNA classes is also considered as a basal karyotype feature for Loricariidae
fishes [53]; this is a pattern that we also found in the karyotype of H. guianensis, in which
55 and 18S rDNA site share the location on the chromosome pair 25. Interestingly, all
three Harttia species under study share one 55 rDNA site, which might be hypothetically
located on homeologous chromosomes (pairs 19, 4, and 15 in H. dissidens, H. guianensis, and
Harttia sp. 3, respectively). The mentioned chromosome pairs only show mild changes in
shape and size between species and they differ also regarding the position of an 55 rDNA
site (terminal vs. more proximal), which could be explained by paracentric inversions. The
second extra 5S rDNA site found in H. guianensis only, i.e., the one found in synteny with
18S rDNA cluster on chromosome pair 25 is a karyotype trait that has been so far reported
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only for two other Harttia species: H. carvalhoi [34] and Harttia sp. 1 [35]. Given the position
of H. guianensis at the base of Harttia phylogeny [51], it seems probable that this second
55 rDNA site has been eliminated during evolution in many Harttia species while it was
retained in a subset of them.

The 5S rDNA site has been either entirely eliminated or reduced in copy number of
repeats below the resolution of the standard FISH protocol. Based on tracking the location
of the 185 rDNA site, we may infer that particularly this linkage group underwent a
dynamic evolution (see below). Based on the comparison of 185 rDNA patterns, it is highly
probable that the chromosome pair bearing the 185 rDNA site was involved in a fusion
event in H. dissidens and Harttia sp. 3. This may be inferred from the terminal location of
18S rDNA site on a rather middle-sized chromosome pair in H. guianensis vs. an interstitial
position of 18S rDNA cluster on large-sized chromosomes in the remaining two species.
While the presence of a large metacentric pair in Harttia sp. 3 supports centric fusion
as an underlying mechanism, the large 185 rDNA-bearing chromosome in H. dissidens
is acrocentric and hence either tandem fusion took place here or the situation was more
complex (i.e., involving more consecutive rearrangements).

For loricariid genomes, it was proposed that the evolutionary breakpoint regions
occur adjacent to rDNA sites, promoting double-strand breaks and the reorganization of
these sequences in Ancistrus [54], Harttia [35,36], and Rineloricaria [55]. The number of
studies showing rDNA sites inside or nearby a predicted fusion points is steadily growing
for fishes [56-59] and a high potential of rDNAs to facilitate chromosome rearrangements
has also been shown in mice and humans (e.g., [60,61]). A possible explanation for rDNA
instability might be a high transcriptional activity of tandemly arrayed rDNA genes due
to the necessity to synthetize high amounts of ribosomes in the cell [62]. Long stretches
of transcriptionally active euchromatin might be prone to double-strand breaks [63,64].
Interestingly, mapping of telomeric repeats did not reveal any interstitial telomeric sites
(ITSs), which could point to regions of former rearrangements, in our case specifically
fusions or inversions; therefore, it seems that the mechanisms of these rearrangements in
Harttia usually do not preserve these sequences in the fusion points [65,66].

The two species analyzed herein, H. dissidens and Harttia sp. 3, share the same
chromosome count (2n = 54) as was previously only described in H. rondoni [36], a species
that also inhabits the northern Brazilian region. Indeed, H. dissidens occurs in the Tapajos
river basin [67], and H. rondoni inhabits the Xingu River basin [68]. The range of distribution
of Harttia sp. 3 cannot be inferred from the current data. This suspected new Harttia species
was collected in a small rocky-bottom river located on the edge of Serra do Cachimbo,
700 m highlands dividing the Tapajos and Xingu basins. Therefore, it is not yet known
whether it flows into the Tapajos River basin or the Xingu River basin.

Although the karyotypes of H. dissidens, H. rondoni, and Harttia sp. 3 share 2n equal
to 54 chromosomes, notable differences can be found between the species at the level of
karyotype composition, and distribution of repetitive DNA classes—either specific ones or
the uncharacterized repetitive DNA fraction revealed by CGH. Taking an important role in
the initial steps of sex chromosome differentiation, in post-zygotic reproductive isolation,
or by contributing to local adaptation in certain populations, chromosomal inversions can
suppress the recombination, especially around the rearrangement breakpoints [69-77]. In
addition, repetitive DNAs may also play an important role in promoting biodiversity, in the
differentiation of sex-specific chromosomal regions, and speciation of diverse eukaryotic
organisms including fishes [78-81]. As evidenced in our present study, the differences in
karyotype organization and number and distribution of rDNA sites are instrumental as
chromosomal markers for the determination of Harttia species with 2n = 54 chromosomes.
The fixation of such karyotype differences might be facilitated by vicariant events after
the Serra do Cachimbo uplifting [36]. This event seems to have played a significant role
in the diversification of Harttia species, as pointed out by the position of the clades in the
phylogenetic reconstruction of this genus. Species from Xingu and Tocantins-Araguaia
basins, which have at least two different sex chromosome systems [36], form a sister clade
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to the branch which encompasses species from the Tapajos basin [57]. One member of the
latter group investigated herein, H. dissidens, does not present a cytologically detectable
sex chromosome system. Additionally, H. punctata, a species from the Tocantins-Araguaia
basin which possesses an X1 X1 X2X; /X1 XY multiple sex chromosome system, corresponds
to the sister group of all those above-mentioned species in their phylogenetic reconstruction

([52], Figure 7).
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Figure 7. Updated schematic representation of the phylogenetic relationships between Harttia species (modified from

our formerly published scheme—see ref. [36], based on the molecular data (see ref. [52]), and with plotted cytogenetic
characteristics based on previous cytogenetic studies (blue), and the present study (red). Differentiated sex chromosomes are
indicated in boxes as follows: X; XY (green box), XY1Y; (light blue box), and XY (pink box). Species listed in the gray box
(placed at the bottom-right corner) were cytogenetically investigated but their position in the phylogenetic reconstruction
needs yet to be determined. River basins where norther Harttia species occur are highlighted as follows: Xingu (yellow),
Tapajos (green), and Tocantins-Araguaia (purple). Asterisks correspond to extra B chromosomes that can be found in H.
longipinna karyotype [82].

4.2. Sex Chromosomes in Harttia species

At least nine distinct sex chromosome systems are described among fishes, so far
known to be distributed in approx. 1% of teleost species (440 cases according to [83]). Many
of these systems present only subtle genetic differentiation, which is not detectable by
standard cytogenetic methods [19,83].

Until now, Harttia has presented three distinct male-heterogametic sex chromosome
systems: (i) X1X1X2X2/X1XoY found in H. punctata [34], H. duriventris and H. villasboas [36],
(if) XX/XY1Y, found in H. carvalhoi [33,34], H. intermontana and Harttia sp. 1 [35], and
(iii) the putative XX /XY sex chromosome system at an early stage of differentiation pro-
posed for H. rondoni [36]. Consequently, Harttia can be recognized as a taxon with high
karyotype dynamics, which is prone to formation of multiple sex chromosome systems. Up
to now, 75 cases of multiple sex chromosomes with predicted 60 independent origins have
been reviewed by Sember et al. [83] and another two systems have been concomitantly
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described in Harttia [35]. Together with Nothobranchius, Harttia is the genus with highest
number (N = 6) of multiple sex chromosomes (reviewed in ref. [83]).

Interestingly, although largely different from many viewpoints, both mentioned teleost
taxa (Harttia and Nothobranchius) share the evolution in small allopatric populations with
restricted gene flow and propensity to fusions and fissions. It is becoming increasingly
apparent that Robertsonian rearrangements might have a significant effect on the nuclear or-
ganization of chromosomes along with gene evolution and expression (e.g., [84]). Although
present in seven out of the 14 karyotyped species, differentiated sex chromosomes are
still intensely discussed concerning the ancestral karyotype of Harttia. For this, two main
scenarios have been already proposed [36]. The first one—"the proto-XY hypothesis”"—
considers both X and Y chromosomes to differ only by amplification or contraction of tan-
dem repeats, thus representing an early stage of sex chromosome differentiation. Following
this presumption, a proto-XY sex chromosome system, like the one found in H. rondoni,
could be present in the ancestral karyotype and, consequently, would have originated the
X1X2Y sex chromosome system found in H. duriventris, H. punctata, and H. villasboas via
centric fissions [36]. A possible second hypothesis, named “the neo-XY system”, considers
the fusions of ancestral X and Y chromosomes with an autosome pair, thus leading to the
formation of neo-XY sex chromosomes accompanied by the reduction of 2n [36]. A third
hypothesis partially overlaps with the second one and it can be considered for the south-
east Brazilian clade of Harttia, which does not present any proto-sex, or heteromorphic
XY sex chromosomes identified so far. In this case, similar CGH patterns and the phy-
logenetic relationships between H. torrenticola (without differentiated sex chromosomes)
and H. carvalhoi (with an XY;Y; sex system), point to a Robertsonian fusion originating
the X-chromosome of H. carvalhoi, H. intermontana, and Harttia sp. 1, as well as the first
chromosome pair of H. torrenticola [35]. Such hypotheses, especially the first two of them,
were proposed assuming the scenario in which all species from the northern Brazilian
region present differentiated sex chromosomes in their karyotypes. However, this is not
the case, as the present CGH experiments confirmed that H. dissidens and H. guianensis
do not possess differentiated sex chromosomes, at least not at the stage which could be
detected by CGH [47,85]. These data suggest rather early steps of differentiation in the
Harttia species with XX/XY1X; sex chromosome system when compared to the karyotypes
with homomorphic sex chromosomes in the clade from northern Brazilian region.

Recent genomic studies continue to reveal homomorphic sex chromosome systems
among fishes, thus pointing to a potentially gross underestimation regarding the counts of
fish sex chromosomes cases by previous cytogenetic reports [86,87]. This might especially
apply to the Harttia genus, where several cryptic and undescribed species occur, in addition
to the scarcity of cytogenetic (and a complete absence of genomic) data, especially for
species from both northern Brazil and Guyana shield. Our CGH experiments utilizing male
and female genomic probes to be compared on the male chromosome background in Harttia
sp. 3, revealed a specific pericentromeric region in one metacentric pair (pair 2) highlighted
more (but not exclusively) by the male genomic probe. This observation might point to a
nascent region of suppressed recombination on homomorphic sex chromosomes [47], bear-
ing in mind that specific repetitive DNA accumulations might happen on corresponding
regions of both sex chromosomes [88]; however, we cannot entirely discard the possibility
of intraspecific variability in the copy number and distribution of certain repetitive DNAs.
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Appendix A

Figure A1. Distribution of the telomeric probe (TTAGGG), directly labeled with Cy3-dUTP (red) and
hybridized against the DAPI-counterstained (blue) chromosomes of Harttia dissidens (a), H. guianensis
(b) and Harttia sp. 3 (c). Bar scale = 10 pm.
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Review of Loricariidae cytogenetics

Loricariidae é uma familia de peixes Neotropicais, dividida em seis subfamilias
e ranqueada na terceira posi¢io dentre os grupos mais biodiversos de peixes.
Este estudo conduz uma revisio atualizada das investigagdes citogenéticas
na familia, discutindo as tendéncias evolutivas cromossdmicas e as principais
lacunas e dire¢des futuras para estudos. Cobrindo 125 publicagdes que analisam
234 espécies de todas as subfamilias exceto Lithogeninae, correspondendo a
aproximadamente 21% da diversidade de espécies validas, nosso estudo revelou
amostragens em seis bacias hidrogréficas distintas na Argentina, Brasil, Equador,
Paraguai e Venezuela. H4 uma escassez de dados para o nordeste do Brasil, o
oeste da Amazdnia, o escudo das Guianas e outros paises Neotropicais. Em
loricariideos, h4 sete sistemas de cromossomos sexuais distintos e uma variedade
de nimeros diploides (2n), variando de 33 a 96 como resultado de rearranjos
cromossdmicos diferentes como fusdes, fissdes, transloca(;(”)es e inversdes. Nos
registramos mais regides organizadoras de nucléolo (Ag-RON) simples quando
comparado com miiltiplas, e o niimero fundamental (NF) variou entre 34 e
142. Estudos populacionais foram realizados em poucos organismos, mas uma
extraordindria variagio cariotipica que inclui cromossomos B é demonstrada.
Apesar de esfor¢os continuos, a citogenética ainda nio captura adequadamente a
diversidade de Loricariidae.

Palavras-chave: Ag-RON, Cariétipo, Cascudos, Cromossomos B, Cromossomos
sexuais.

INTRODUCTION

Among vertebrates, the paraphyletic group of fish outstands because of its high richness
and diversity of morphology and ecology (Nelson et al., 2016). They can be found
all over the Earth in freshwater and marine environments, and humans exploit them
widely as primary food sources or as ornamental species for the aquarium trade (Evers
et al., 2019; Novak er al., 2020, 2022). Such diversity is observed in about 36,000
valid species, with almost half of them belonging to the 450 families that make up
the infraclass Teleostei (Fricke er al., 2023). More than 18,000 species are found in
freshwater environments, the majority of which are found in tropical and subtropical
regions, including the Amazon River Basin, tropical Africa, and southeast Asia (Lévéque
et al., 2008; Nelson et al., 2016). The monophyletic order Siluriformes (popularly known
as catfishes), is home to a large portion of this variety (Fink, Fink, 1981, 1996; Arratia
et al., 2003; Saitoh et al., 2003; Sullivan ef al., 2006). This order is composed by the
suborder Loricarioidei, which consists of six families that are endemic to South America,
and Siluroidei, which includes 29 families that are spread over all continents except
Antarctica (Sullivan er al., 2006). Due to their widespread distribution (Fig. 1), research
focusing on the biogeography of siluriform fishes often indicates that South America
may have served as the group’s center of origin (Briggs, 2005; Sullivan et al., 2006).
Loricariidae species, which rank third among the most biodiverse fish families, are
known by several names, including armored catfishes, plecos, “cascudos”, “bodés”, and
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FIGURE 1 | World map showing the distribution of Siluriformes (red areas) according to Nelson et al. (2016) and GBIF (2023), with illustrations

of important families in distinct regions.
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“acaris”. Together with Characidae and Cyprinidae, it corresponds for about 50% of all
Ostariophysi species (Nelson ef al., 2016). According to Fricke et al. (2023), 1,051 valid
species are divided into six subfamilies: Delturinae, Hypoptopomatinae, Hypostominae,
Lithogeninae, Loricariinae, and Rhinelepinae. Their distinct anatomy, which includes a
suckermouth positioned ventral and dermal plates covering the body, allows them to be
recognized despite their widespread distribution in the Neotropical region. Loricariids
are iliophagous, with a vast diversity of feeding habitats ranging from wood to detritus
and algae (Buck, Sazima, 1995; Lujan ef al., 2017). They demonstrate a broad range
of sizes, from less than 5 c¢m (eg., Ribeiro e al., 2012) to approximately 1 m (Lujan e
al., 2010). Given a combination of excessive reaping for the aquarium trade and the
destruction of their habitats, some loricariids are threatened (Barros et al., 2023). Indeed,
the high ornamental trade of plecos led to the development of the L-code (or L-number).
This code was developed by aquarists, aiming to create a temporary “voucher number”
for morphological variants identified by aquarium trade that lack a proper taxonomic
identification or are difficult to classify only by morphological features (Stawikowski er
al., 2004). Recently, 223 Loricariidae species have been assigned from their L-numbers
to valid species name (Novik ef al., 2022).

The description of fish species is often complex. While some species present a
conservation of morphological features, body-color variation and polymorphisms are
frequently observed in fish (Price et al., 2008). In this context, the use of complementary
methods is fundamental to assessing all biodiversity, in especial cytogenetics (Stace,
2000), the field of genetics that studies chromosomes from their structure and molecular
composition to their organization and variation among species. Cytogenetics is an
important tool for discovering the Neotropical fish biodiversity, as exemplified by the
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outstanding number of new and/or cryptic species in addition to karyomorphs with
absence of hybrid forms reported (eg, Pazian et al., 2012; Ferreira et al., 2014; Oliveira
et al., 2016; Ramirez ef al., 2017; Rocha-Reis ef al., 2018). Among loricariids, Artoni,
Bertollo (2001) suggest that 2n = 54 might represent the basal diploid number for
this family, with distinct trends in evolution among its subfamilies. Considering the
continuous growing number of studies involving Loricariidae species, here we review
for the first time the scientific literature that includes cytogenetic data for Loricariidae
species. We discussed the trends in chromosomal evolution in this representative fish
group and the main gaps and future directions for studies.

MATERIAL AND METHODS

A detailed search was conducted on Google Scholar until December of 2023, using the
keywords “Cytogenetics Loricariidae” and “Chromosomes Loricariidae”. During the
screening of research papers, all the duplicate papers and cytogenetic papers without
karyotype information were excluded from our compilation (for example Traldi
et al., 2019, where only mapping of repetitive sequences was conducted, without
addressing the diploid number — 2n and karyotype structure). We included all papers
found published between 1968 and 2023 in journals in any language available. For
more assurance on the quality of results, the data analyzed was double-checked by the
authors: the resulted table comprising the cytogenetic features was checked by each
author, comparing with the original papers to determine whether such articles would
comply with the inclusion and exclusion criteria. We followed the classification of
chromosomes by the centromeric position and arm ratios, proposed by Levan e al.
(1964) and standardized for fish in Arai (2011) as metacentric (m), submetacentric (sm),
subtelocentric (st) and acrocentric (a).

From each paper, we extracted cytogenetic and biogeographic data such as diploid
number (2n), fundamental number (NF), karyotype formula (KF), sex chromosome
system (SCS) and AgNOR/18S rDNA sites (simple or multiple). Additionally, locality
and geographical coordinates of the populations investigated were also compiled, with
the city name, state, and country indicated according to the coordinates provided
in the papers. Species and family names were checked against Eschmeyer’s Catalog
of Fishes (Fricke er al., 2023) and updated according to the valid names. Taxonomic
abbreviations were maintained as present in the papers, following: “sp.” for specimens
not fully identified, “prope” for specimens with resemblance to a described taxon but
not identical, “aff.” for closely related to an identified taxon or with uncertainty in
taxonomic identification, “cf.” for specimens similar to or comparable to a taxon but
with doubts, “n.sp.” for proposed new species, and “L.” for locally variants of specimens.
For the papers in which the geographical coordinates were available, we plotted those
sample points into maps using QGIS 3.28.2.
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RESUILTS

We compiled 125 papers that included cytogenetic data on Loricariidae species. These
studies comprised a diversity of 234 species, here included those identified as “sp.”,
prope, “aft.”, “ct.”, “n.sp.”, and “L” as distinct species, from 48 genus. Hypostominae
was the subfamily most represented with 142 species karyotyped, followed by
Loricariinae (54 spp.), Hypoptopomatinae (34 spp.), and Delturinae and Rhinelepinae
with 2 spp. each, with absence of data for Lithogeninae. The Hypostomus genus was
the most represented with 26 valid species karyotyped, in a total of 159 records when
including all populational data and those identified as “sp.”, prope, “aff.”, “cf.”, “n. sp.”,
and “L”. The geographical coordinates plotted into maps show a distribution of species
cytogenetically investigated in Brazil, Argentina, and Paraguay, comprising six distinct
river basins (Fig. 2). Although species from Ecuador and Venezuela were also compiled,
those papers do not present geographical coordinates of the sample sites.

Diploid number varied from 2n = 33 in males of Rineloricaria teffeana (Steindachner,
1879) (Marajé et al., 2022) to 2n = 96 in Hemipsilichthys sp. (Kavalco er al., 2004, 2005).
The fundamental number ranged from 34 in R. teffeana (Marajé er al., 2022) to 142
in Hypostomus topavae (Godoy, 1969) (Kamei ef al., 2017), and the simple distribution
of Ag-NOR/18S rDNA was the most common with 269 records, against 110 records
of multiple sites. Seven sex chromosomes systems were described for 31 Loricariidae
species, the simple XX/XY, XX/X0, and ZZ/ZW, and the multiples X X X X /X XY,
XX/XY\Y,, ZZ/ZW W, and 2,2, 2,7./7.7Z. W W,. B chromosomes were found in

172 1717272

five species, varying from 1B (eg, de Souza et al., 2009) to 3B chromosomes (e, Porto
et al., 2010). Complete results were compiled in Tab. 1.

e P

FIGURE 2 | Partial maps of South America showing the distribution of Loricariidae species (red dots) investigated by cytogenetics that have
the geographical coordinates published together. A. Map highlighting the geopolitical regions of South America, with emphasis on Brazil,
Paraguay, and part of Argentina territory; B. Map highlighting the hydrographic basins of South America, with emphasis on Amazonas

(green), Tocantins-Araguaia (yellow), Parana/Paraguay (purple), Sdo Francisco (cyan), Atlantic East and Atlantic South (red) River Basins.

ni.bio.br | scielo.br/ni Neotropical Ichthyology, 22(4):e240050, 2024 5/36



https://www.ni.bio.br/
https://www.scielo.br/ni

Review of Loricariidae cytogenetics

TABLE 1 | Review of cytogenetic data by subfamily of Loricariidae published as articles. Geographical coordinates ending with asterisk

indicates mismatched coordinates. Diploid number (2n), fundamental number (NF), karyotype formula (KF), sex chromosome system (SCS)

are displayed.

Subfamily/

Genus

Loricariinae

macrodon (Kner,
1853)

amazonum (Gin-
ther, 1864)

Brochiloricaria

Farlowella

amazonum

cf. amazonum

schreitmuelleri
Arnold, 1936

hahni Meinken,
1937

hahni

carvalhoi Miran-

Letwiin da Ribeiro, 1939

carvalhoi

carvalhoi

dissidens Rapp
Py-Daniel &
Oliveira, 2001

duriventris Rapp
Py-Daniel &
Oliveira, 2001

gracilis Oyakawa,
1993

guianensis Rapp
Py-Daniel &
Oliveira, 2001
intermontana
Oliveira & Oyaka-
wa, 2019

kronei Miranda
Ribeiro, 1908

kronei

longipinna Lange-
ani, Oyakawa &
Montoya-Burgos,
2001
loricariformis
Steindachner,
1877

punctata Rapp Py-
Daniel & Oliveira,
2001

rondoni Oyaka-
wa, Fichberg &
Rapp Py-Daniel,
2018

sp.1

sp. 2

sp. 3

torrenticola
Oyakawa, 1993

6/36

Locality

Agua Boa
stream, Mundo
Novo, MS, Brazil
Dourado
stream, Japora,
MS, Brazil
Parand do Pi-
loto, Barcelos,
AM, Brazil
Jundia stream,
Manaus, AM,
Brazil

Dourado
stream, Mundo
Novo, MS, Brazil
Iguagu River,
Capanema, PR,
Brazil

Ribeirdo grande,
Pindamonhang-
aba, SP, Brazil

Pindamonhang-
aba, SP, Brazil

Tambor stream,
Rurépolis, PA,
Brazil
Parauapebas
River, Canaa
dos Carajés, PA,
Brazil
Machadinho
stream, Santo
Antonio do Pin-
hal, MG, Brazil
Paraiso stream,
Alenquer, PA,
Brazil

Piranga River,
Carandai, MG,
Brazil

Agungui River,
Campo Largo,
PR, Brazil

Sédo Francisco
River, Pirapora,
MG, Brazil

Paraitinga
River, Silveiras,
SP, Brazil
Itiquira River,
Formosa, GO,
Brazil

13 de Maio
River, Cachoeira
da Serra, PA,
Brazil

Macacos stream,
Silveiras, SP,
Brazil

Barra Grande
River, Pru-
dentopolis, PR,
Brazil

Rio do Peixe,
Cachoeira da
Serra, PA, Brazil
Araras stream,
Brazil

Latitude

23°51'04.9"S

0°56'04.8"S

2°19'43.8"S

23°51'04.9"S

25°38'18.7"S

22°46'03.0"S

4°05'37.8"S

6°30'06.5"S

22°48'31.0"S

1°29'02.2"S

20°59'34.0"S

17°21'22.3"S

22°52'22.5"S

15°19'25.0"S

8°38'53.0"S

22°40'43.0"S

24°58'40.7"S

8°39'20.7"S

Neotropical Ichthyology, 22(4):e240050, 2024

Longitude

54°09'51.1"W

62°58'01.6"W

60°04'40.4"W

54°26'31.4"W

54°28'01.7"W

45°26'07.1"W

55°00'30.2"W

50°02'35.3"W

45°41'21.0"W

54°50'31.2"W

43°43'30.0"W

44°56'59.5"W

44°51'00.4"W

47°25'26.0"W

55°01'41.0"W

44°51'25.0"W

51°07'34.3"W

55°09'24.1"W

Iguatemi -
Parana

Negro - Ama-
zonas

Cuieiras -
Amazonas

Parana

Parana

Paraiba do
Sul

Paraiba do
Sul

Tocantins-
Araguaia

Sapucai-
Mirim

Ribeira

Sédo Fran-
cisco

Paraiba do
Sul

Tocantins-
Araguaia

Xingu - Ama-
zon

Sédo Fran-
cisco

2n

58040

5890

58040

5890

58040

58040

58040

529Q,
530

529,
530

5200

5490

550,
569

58040

58940

529,
530

58040

58040

58040

5690

573,
589

5400

569,
579

6200

54040

5690

NF

78

110

110

116

112

110

112

92

96, 98

96

90, 91

106

102

106

116

100

94

104

NOR
-188

Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple

KF SCS

18m + 2sm + 38st/a

6m + 38sm + 8st + 6a

12m + 30sm + 10st
+6a

14m + 30sm + 14st

10m + 30sm + 14st
+4a

12m + 30sm + 10st
+6a

12m + 20sm + 22st
+4a

18m + 18sm + 8st +
8aor 17m + 18sm +
8st +10a
16m + 16sm + 12st +
8a Q,15m + 16sm +
12st+10a &

XX/XY,Y,
XX/XY,Y,
30m/sm + 20st/a

20m + 26sm + 8a

16m + 16sm + 16st +
8a Q,17m + 16sm +

X1X1X2X2/
16st + 6a G RO

Y

2

20m + 22sm + 8st
+8a

20m + 26sm + 2st
+10a

14m + 12sm + 12st +
142 Q,13m + 12sm + XX/XY)Y,
13st+15a &

40m/sm + 18st/a

14m + 20sm + 14st
+10a

16m + 12sm + 16st +
14a + 0-2Bs

16m + 22sm + 10st
+8a

16m + 20sm + 12st +
10a @, 16m + 21sm +

XIXIXZXZ/
12st+8a g NG

Y

2

20m + 26sm + 4st

s XX/XY

14m + 14sm + 10st +

18a Q,13m + 14sm + XX/XYY,
10st +20a &

16m + 14sm + 12st
+20a

16m + 18sm + 14st
+6a

16m + 10sm + 16st
+14a

Reference/

Observation

Michele et al. (1977). Report-
ed as Loricaria macrodon

Fernandes et al. (2012)

Fernandes et al. (2015)

Marajo et al. (2018)

Marajo et al. (2018)

Fernandes et al. (2021)

Fernandes et al. (2021)

Centofante et al. (2006)

Blanco et al. (2013, 2017);
Deon et al. (2022a,b)

Alves et al. (2003). Reported
as Harttia loricariformis,
corrected in Centofante et
al. (2006)

Sassi et al. (2021, 2023a,b)

Sassi et al. (2020, 2023a,b)

Blanco et al. (2017); Deon et
al. (2022a,b)

Sassi et al., 2021, 2023a,b

Deon et al. (2020, 2022)

Alves et al. (2003)

Blanco et al. (2013, 2017);
Deon et al. (2022a,b)

Blanco et al. (2013, 2017);
Deon et al. (2022a,b)

Kavalco et al. (2004, 2005);
Blanco et al. (2017); Deon et
al. (2022a,b)

Blanco et al. (2014, 2017);

Deon et al. (2022); Sassi et
al. (2021, 2023a)

Sassi et al. (2020, 2023a,b)

Deon et al. (2020, 2022a,b)

Deon et al. (2020, 2022a,b)

Sassi et al. (2021, 2023a,b)

Blanco et al. (2012a, 2017);
Deon et al. (2022a,b)
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TABLE 1 | (Continued)

Subfamily/

Genus

Hemiodontich-
thys

Loricaria

Loricariichthys

Pyxiloricaria
Proloricaria

Rineloricaria

Species

villasboas Oyaka-
wa, Fichberg &
Rapp Py-Daniel,
2018

sp.1
sp. 2

cataphracta Lin-
naeus, 1758

cataphracta

cf. cataphracta

simillima Regan,
1904

simillima

anus (Valenci-
ennes, 1835)

anus

anus

anus

maculatus (Bloch,
1794)
platymetopon
Isbriicker & Nijs-
sen, 1979

platymetopon

platymetopon

menezesi Isbriick-
er & Nijssen, 1984
prolixa (Isbriicker
& Nijssen, 1978)
aequalicuspis Reis
& Cardoso, 2001
cadeae (Hensel,
1868)

cadeae
cadeae

capitonia Ghazzi,
2008

kronei (Miranda
Ribeiro, 1911)

lanceolata (Giin-
ther, 1868)

lanceolata

lanceolata

lanceolata

lanceolata

lanceolata

lanceolata

lanceolata

lanceolata

ni.bio.br | scielo.br/ni

Locality

Curud River,
Cachoeira da
Serra, PA, Brazil

Sao Francisco
stream, Brazil
Iquiri stream,
Brazil

Cérrego da
Onca, Coxim,
MS, Brazil

Iguacu River,
Brazil

Parand River,
Brazil

Miranda River,
Brazil
Capivara
stream, Laguna
dos Patos sys-
tem, RS, Brazil
Itapeva Lagoon,
Tramandai sys-
tem, Brazil
Chimiray
stream, Argen-
tina

Iguagu River,
Brazil

Jacutinga River,
Brazil

Paranapanema
River, Brazil
Miranda River,
Brazil

Miranda River,
Brazil

Trés Bocas
stream, Brazil
Maquine River,
RS, Brazil

Guaiba Lake, RS,
Brazil
Forquetinha
River, RS, Brazil
Uruguai River,
Sao Carlos, SC,
Brazil

Itapocu River,
Santa Catarina,
Brazil

Onga Stream,
Coxim, MS,
Brazil

Onga Stream,
Coxim, MS,
Brazil

Onga Stream,
Coxim, MS,
Brazil

Onga Stream,
Coxim, MS,
Brazil

Onga Stream,
Coxim, MS,
Brazil

Onga Stream,
Coxim, MS,
Brazil

Onga Stream,
Coxim, MS,
Brazil

Onga Stream,
Coxim, MS,
Brazil

Onga Stream,
Coxim, MS,
Brazil

Latitude

8°44'09.0"S

27°06'22.5"S

30°17'34.0"S

29°32'11.9"S

28°05'49.4"S

23°13'25.3"S

22°42'30.3"S

29°39'10.4"S

29°24'22.4"S

18°32'20.0"S

18°32'20.0"S

18°32'20.0"S

18°32'20.0"S

18°32'20.0"S

18°32'20.0"S

18°32'20.0"S

18°32'20.0"S

18°32'20.0"S

Longitude

54°57'46.0"W

55°31'20.0"W

51°19'21.2"W

49°55'47.9"W

55°41'37.3"W

50°58'47.4"W

51°04'08.4"W

50°12'31.8"W

52°03'19.2"W

54°33'43.0'W

54°33'43.0"W

54°33'43.0"W

54°33'43.0"W

54°33'43.0"W

54°33'43.0"W

54°33'43.0"W

54°33'43.0"W

54°33'43.0"W

m

Xingu - Ama- 554,
zon 56Q

Purus 4690

Purus 58908

Paraguai 6400
64

Parana 64908

Parana 64908

Paraguai 6493

5400

5490

Uruguay 5490

Parana 54Q08
La Plata 56

Paranapa-

nema 5400

5400

5400

Parana 6897

Parana 6290

Southeast

Atlantic H30g

66Q0

6490

6490

Uruguai 64938

6490

4890

4890

4800

47908

4790

47908

4690

4690

4690

96, 98 Simple

86

76

88

82

80

82

78

80

80

70

54

53

55

54

53

52

54

53

Simple
and
Mul-
tiple

Simple
Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple
Simple
Simple
Simple

Simple

Simple

Simple

Simple

Mul-
tiple

Mul-
tiple

Mul-
tiple

Mul-
tiple

Mul-
tiple

Mul-
tiple

Mul-
tiple

Mul-
tiple

Mul-
tiple

18m + 24sm + 6st +
8a Q,19m + 24sm +
6st + 6a &

42m/sm + 4st/a

28m/sm + 30st/a

12m + 8sm + 2st
+42a

12m/sm + 52st/a

12m + 8sm + 2st
+42a

12m + 12sm + 40st/a
12m + 8sm + 2st
+42a

10m + 18sm + 26a

10m + 16sm + 28a

10m + 18sm + 26a

14m + 14sm + 26a

22m/sm + 34st/a

10m + 16sm + 28a

10m + 16sm + 28a
10m + 16sm + 28a
8m + 6sm + 2st + 52a
20m + 6sm + 36a
68st/a
2m + 64st/a
2m/sm + 62st/a

64st/a

4m + 2sm + 58st/a

6m/sm + 58st/a

4m + 2st + 42a

3m + 2st + 43a

3m + 2sm + 2st + 41a

4m + 1sm + 2st + 40a

3m + Ism + 2st + 41a

2m + 1sm + 2st + 42a

4m + 2sm + 2st + 38a

3m + 2sm + 2st + 39a

2m + 2sm + 2st + 40a

Neotropical Ichthyology, 22(4):e240050, 2024

Reference/

Observation

X XXX,/ i
1X11X22Y Sassi et al. (2020, 2023a,b)

Carvalho et al. (2018)
Carvalho et al. (2018)
Porto et al. (2014b)
Fenocchio et al. (2003). Re-

ported as Loricaria carinata
Takagui et al. (2020)

Benitez et al. (2017)

Takagui et al. (2020)

Takagui et al. (2014)

Takagui et al. (2014)

Takagui et al. (2014)

Takagui et al. (2020)

Fenocchio et al. (2003)
Takagui et al. (2014)

Takagui et al. (2014)
Takagui et al. (2020)
Takagui et al. (2020)
Takagui et al. (2020)
Venturelli et al. (2021)
Alves et al. (2003)
Maia et al. (2010)

Venturelli et al. (2021)

Primo et al. (2017)

Alves et al. (2003)

Porto et al. (2014a)

Porto et al. (2014a)

Porto et al. (2014a)

Porto et al. (2014a)

Porto et al. (2014a)

Porto et al. (2014a)

Porto et al. (2014a)

Porto et al. (2014a)

Porto et al. (2014a)

-
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TABLE 1 | (Continued)

Subfamily/

Genus Species

lanceolata

latirostris (Bou-
lenger, 1900)

latirostris

latirostris

latirostris

latirostris

latirostris

lima (Kner, 1853)

lima

lima

lima

lima

lima

lima

lima

longicauda Reis,
1983

malabarbai Ro-
driguez & Reis,
2008
microlepidogaster
(Regan, 1904)

n. sp.

parva (Boulenger,
1895)

parva

pentamaculata
Langeani & de
Araujo, 1994

pentamaculata

pentamaculata

8/36

Locality Latitude Longitude

Onga Stream,
Coxim, MS,
Brazil
Laranjinha
River, Ventania,
PR, Brazil

Barra Grande
River, Pru-
dentépolis, PR,
Brazil

Das Pedras
River, Ventania,
PR, Brazil
Piumbhi River,
Piumhi, MG,
Brazil
Laranjinha
River, Ventania,
PR, Brazil
Piumbhi River,
Piumhi, MG,
Brazil

Ribeira River,
Areia stream, or
Agungui River
Ponta Grossa,
PR, Brazil
Ribeira River,
Areia stream, or
Acungui River
Ponta Grossa,
PR, Brazil
Ribeira River,
Areia stream, or
Agungui River
Ponta Grossa,
PR, Brazil
Ribeira River,
Areia stream, or
Acungui River
Ponta Grossa,
PR, Brazil
Ribeira River,
Areia stream, or
Agungui River
Ponta Grossa,
PR, Brazil
Ribeira River,
Areia stream, or
Acungui River
Ponta Grossa,
PR, Brazil
Ribeira River,
Areia stream, or
Acungui River
Ponta Grossa,
PR, Brazil
Ribeira River,
Areia stream, or
Acungui River
Ponta Grossa,
PR, Brazil
Cerquinha La-
goon, RS, Brazil

18°32'20.0"S  54°33'43.0"W

24°07'39.29"S  50°14'16.21"W

20°31'55"S 46°02'42"W

23°58'13"S 50°14'01"W

20°31'55"S 46°02'42"W

30°13'56.5"S 50°15'40.9"W
Forquetinha

River, RS, Brazil 29:2422.4°S

52°03'19.2"W
Forquetinha
River, RS, Brazil
Betari River, Sdo
Paulo, Brazil

29°24'22.4"S  52°03'19.2"W

Miranda River,
Brazil

Taua stream,
Brazil

Jacuaca stream,
tributary of
Tibagi River, PR,
Brazil

Agua do Oito
stream, tribu-
tary of Tibagi
River, PR, Brazil

Neotropical Ichthyology, 22(4):e240050, 2024

Cinzas

Ivai

Parana

Parana

Parana

Parand

Parana

Parand

Parana

Parand

Southeast
Atlantic

Southeast
Atlantic

Southeast
Atlantic

Paraguai

Parand

2n

45

4690

4690

4690

4890

4690

4890

7090

7090

6900

6900

6800

6800

6690

6690

7090

6490

6890

7090

4800

6090

56-
59940

5690

5690

53

60

60

60

60

60

60

72

74

72

73

72

74

72

72

64-65

Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple

4m + 2sm + 37a

10m + 4sm + 32st/a

10m + 4sm + 32st/a

10m + 4sm + 32st/a

6m + 6sm + 36st/a

10m + 4sm + 32st/a

6m + 6sm + 36st/a

2st + 68a

2m + 2st + 66a

1m + 2st + 66a

Im + 1sm + 2st + 65a

2m + 2st + 64a

Im+1m + 2sm +
2st + 62a

2m + 1m + 1m + 2st
+60a

Im+1m+ 1m + 1st
+ st + 60a

8m/sm + 62st/a

4m/sm + 60st/a

68st/a

2sm + 68a

6m/sm + 54st/a

8m/sm + 48st/a or
9m/sm + 47st/a +
0-3Bs

8m/sm + 48st/a

8m/sm + 48st/a

Reference/

Observation

Porto et al. (2014a)

Primo et al. (2017)

Primo et al. (2017)

Glugoski et al. (2018)

Glugoski et al. (2018)

Glugoski et al. (2022)

Glugoski et al. (2022)

Rosa et al. (2012)

Rosa et al. (2012)

Rosa et al. (2012)

Rosa et al. (2012)

Rosa et al. (2012)

Rosa et al. (2012)

Rosa et al. (2012)

Rosa et al. (2012)

Venturelli et al. (2021)

Venturelli et al. (2021)

Venturelli et al. (2021)

Alves et al. (2003)

Hinegardner, Rosen (1972).
Reported as Loricaria parva

Takagui et al. (2020)

Porto et al., 2010

Maia et al. (2010)

Maia et al. (2010)
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TABLE 1 | (Continued)

Subfamily/

Genus

pentamaculata
pentamaculata

pentamaculata

pentamaculata

pentamaculata

pentamaculata
pentamaculata

pentamaculata
karyomorph A

pentamaculata
karyomorph B

pentamaculata
karyomorph C

quadrensis Reis,
1983

reisi Ghazzi, 2008
stellata Ghazzi,
2008

strigilata (Hensel,
1868)

teffeana (Stein-
dachner, 1879)

Spatuloricaria  sp.

sp.
barbatum (Kner,
1853)

cf. nigrirostrum
Fowler, 1940

Sturisoma

Hypoptopomatinae

g cuestae Britski,
1997

cuestae

tocantinensis
Britski, 1997
depressicauda
(Miranda Ribeiro,
1918)
leucofrenatus
(Miranda Ribeiro,
1908)

Hisonotus

leucofrenatus

leucofrenatus

leucofrenatus

leucofrenatus

nigricauda (Bou-
lenger, 1891)

ni.bio.br | scielo.br/ni

Locality

Tatupeba
stream, Brazil
Taua stream,
Brazil

Keller River,
Brazil

Barra Grande
River, Pru-
dentopolis, PR,
Brazil

Barra Grande
River, Pru-
dentopolis, PR,
Brazil

Juruba River,
Apucarana, PR,
Brazil

Itiz stream,
Brazil

Barra Grande
river, Pru-
dentépolis, PR,
Brazil

Barra Grande
river, Pru-
dentépolis, PR,
Brazil

Barra Grande
river, Pru-
dentépolis, PR,
Brazil

Quadros lagoon,
RS, Brazil
Chimiray
stream, Brazil
Uruguai River,
Sao Carlos, SC,
Brazil
Forquetinha
River, RS, Brazil
Tefé River, Tefé,
AM, Brazil
Xingu River,
Altamira, PA,
Brazil
Caripetuba
River, Abaetuba,
PA, Brazil
Miranda River,
Brazil
Araguaia River,
Barra do Gargas,
MT, Brazil

Alambari
stream, Botu-
catu, SP, Brazil
Lapa stream, SP,
Brazil

Vermelho River,
Goids, GO, Brazil
Santo Indcio
River, Bofete, SP,
Brazil

Poco Grande
stream, Juquia,
SP, Brazil

Marumbi River,
Morretes, PR,
Brazil

Cavalo stream,
Jaragud do Sul,
SC, Brazil
Marumbi River,
Morretes, PR,
Brazil

Cavalo stream,
Jaragud do Sul,
SC, Brazil
Guaiba River,
Eldorado do Sul,
RS, Brazil

Latitude

25°05'21.0"S

25°05'21.0"S

25°05'21.0"S

29°44'42.8"S

3°21'14.9"S

3°19'30.0"S

1°37'23.5"S

Longitude

Parana
Parana

Parana

Ivai

Ivai

Tibagi

Ivai

50°57'22.0"W Ivai

50°57'22.0"W Ivai

50°57'22.0"W Ivai

Southeast

50°06'54.3"W Atlantic

Uruguai

Uruguai

Southeast
Atlantic

64°40'27.9"W Amazon

Xingu - Ama-
zon

52°11'10.0"W

48°55'33.0"W

Paraguai

Tocantins-
Araguaia

Parana

5690
5600

5690

5600

5400

5600

5600

5690

55Q0

5400

7090

6090

5400

6800

333,
340

6690

6600

6690

7490

5400

5490

5490

5400

54-
5600

54-

5600

54Q0

54-
55040

5490

5400

64

64-65

64

70

64

70

64

64

64

64

74

34

92

82

108

Ag-
NOR
-188

Mul-
tiple

Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple
Simple
Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple

8m/sm + 48st/a

8m/sm + 48st/a or
9m/sm + 47st/a

8m/sm + 48st/a

4m + 10sm + 42st/a

6m + 4sm + 44st/a

4m + 10sm + 42st/a

8m/sm + 48st/a

6m/sm + 64st/a

60st/a

6m + 14sm + 34st/a

6m/sm + 62st/a

1sm + 32a

4m + 7sm + 6st + 16a

6m + 10sm + 50a

20m + 18sm + 16st
+12a

20m + 18sm + 36st/a

34m + 20sm

14m + 10sm + 3st/a
28m + 26sm

14m + 18sm + 2st
+10a

24m + 26sm + 4st
+2a

22m + 24sm + 4st
+2a

22m + 24sm + 6st
+2a

22m + 24sm + 4st
+2a

22m + 24sm + 6st
+2a

26m + 20sm + 8st

Neotropical Ichthyology, 22(4):e240050, 2024

SCS

X XXX,/
X X,Y

192

ZZ]IW

ZZ/ZW
(discard-
ed by
Andreata
etal.,
2010)

Reference/

Observation

Porto et al. (2011)
Porto et al. (2011)

Porto et al. (2011)

Primo et al. (2017)

Primo et al. (2018)

Primo et al. (2017)

Cius et al. (2022)

Glugoski et al. (2023)

Glugoski et al. (2023)

Glugoski et al. (2023)
Venturelli et al. (2021)
Takagui et al. (2020)
Primo et al. (2017)
Maia et al. (2010)

Marajo et al. (2022)

Ferreira et al. (2014)

Almeida et al. (2023)
Takagui et al. (2020)

Artoni, Bertollo (2001)

Cristina et al. (2005)

Camilo, Moreira Filho (2005)

Cristina et al. (2005)

Andreata et al. (1994). Re-
ported as Microlepidogaster
depressicauda

Andreata et al. (1993). Re-
ported as Microlepidogaster
leucofrenatus

Andreata et al. (1993). Re-
ported as Microlepidogaster
leucofrenatus

Andreata et al. (2006)

Andreata et al. (2010)

Andreata et al. (2010)

Andreata et al. (2006)

!
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Subfamily/

Genus

sp. A

sp.D

inexspectatum

Hypoptopoma (1 perg, 1893)

duseni (Miranda
Ribeiro, 1907)

Isbrueckeri-
chthys

duseni

lacerta (Nichols,

Kronichthys 1919)

lacerta

lacerta

subteres Miranda
Ribeiro, 1908

Microlepido-

gaster LA

sp.B

microps (Stein-

Neoplecostomus dachner, 1877)

microps

microps

microps

paranensis Lange-
ani, 1990

paranensis

yapo Zawadzki,
Pavanelli & Lan-
geani, 2008

Otocinclus aff. vestitus

affinis Stein-
dachner, 1877
affinis

flexilis Cope, 1894

vittatus Regan,
1904

vittatus

Jjuquiae Garavello,
Britski & Schae-
fer, 1998

travassosi Gara-
vello, Britski &
Schaefer, 1998

Otothyris

Otothyropsis cf. polyodon

splendens (Bizer-

Pareiorhaphis " 995

splendens

10/36

Paraitinga Riv-
er, Salesépolis,
SP, Brazil
Grande stream,
Pindamonhang-
aba, SP, Brazil
Pirai River,
Poconé, MT,
Brazil

Acungui River,
Brazil

Betari River,
Iporanga, SP,
Brazil
Marumbi River,
Morretes, PR,
Brazil
Marumbi River,
Morretes, PR,
Brazil

Agungui River,
Brazil

Betari River,
Iporanga, SP,
Brazil
Alambari River,
Botucatu, SP,
Brazil

Moia stream,
Pendpolis, SP,
Brazil
Paraitinga
River, Brazil
Paraitinga
River, Brazil
Grande stream,
Campos do
Jordao, SP,
Brazil

Paraiba do Sul
River, Brazil
Sapateiro
stream, Barba-
cena, MG, Brazil
Hortela stream,
Botucatu, SP,
Brazil

Verde River, PR,
Brazil

Ribeira

Ribeira

Paraiba do
Sul
Paraiba do
Sul

22°52'22.5"S  44°51'41.0"W

22°52'22.5"S  44°51'41.0"W

Tibagi

Livramento
River, Belém,
PA, Brazil

Bigud River, Mi-
racatu, SP, Brazil
Bonito River, Ni-
terdi, R, Brazil
Santo Antonio
da Patrulha, RS,
Brazil

Taquari River,
Coxim, MS,
Brazil

Cuiaba River,
Santo Antonio
do Leverger,
MT, Brazil

Rio Preto
stream, Itan-
haém, SP, Brazil
Ribeira da Terra
Firme River,
Canavieiras, BA,
Brazil

Corrego Doura-
do, MT, Brazil
Marumbi River,
Morretes, PR,
Brazil

Marumbi River,
Morretes, PR,
Brazil

23°51'04.9"S  54°25'13.9"W
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5400

5490

5490

54Q0

5400

5400

5490

5400

54Q0

5490

5490

5490

5490

54Q0

5490

5400

54940

54Q0

7290

5400

5400

54040

5400

5490

5400

5400

5400

5400

5490

“m

82

108

108

108

108

108

108

108

76

96

96

108

Simple

Simple

Simple

Simple

Simple

Simple

Mul-
tiple

Simple

Simple

Simple

Simple

Simple

Simple

Simple
Simple

Mul-
tiple

Simple

Simple

Simple

Simple

Simple

26m + 26sm + 2st

26m + 26sm + 2st

10m + 18sm + 8st
+18a

20m + 20sm + 14st

20m + 20sm + 14st

20m + 20sm + 14st

20m + 20sm + 14st

22m + 22sm + 10st

20m + 20sm + 14st

30m + 20sm + 4st

22m + 28sm + 4st

24m + 20sm + 10st

24m + 20sm + 10st

20m + 20sm + 14st

24m + 20sm + 10st

20m + 20sm + 14st

20m + 20sm + 14st

18m + 20sm + 16st

22m + 12sm + 4st
+34a

46m + 8sm

40m + 12sm + 12st

36m + 18sm

36m + 18sm

12m + 10sm + 14st
+18a

32m + 10sm + 12st

26m + 16sm + 12st

18m + 28sm + 8st

20m + 30sm + 4st

20m + 20sm + 14st

Reference/

Observation

Andreata et al. (2006)
Andreata et al. (2006)
Cristina et al. (2005). Re-

ported as Hypoptopoma
guentheri

Ziemniczak et al. (2012)

Alves et al. (2005)

Alves et al. (2005)

Alves et al. (2012a)

Ziemniczak et al. (2012)

Alves et al. (2005)

Andreata et al. (1994)

Andreata et al. (1994)

Kavalco et al. (2004)

Kavalco et al. (2005)

Alves et al. (2005)

Alves et al. (2012a)

Alves et al. (2005)

Alves et al. (2005)

Ziemniczak et al. (2012)

Andreata et al. (1994)

Andreata et al. (1994)

Andreata et al. (1994)

Cristina et al. (2005)

Cristina et al. (2005)

Cristina et al. (2005)

Cristina et al. (2005)

Cristina et al. (2005)

Fernandes et al. (2016)

Alves et al. (2005). Reported
as Hemipsilichthys splendens

Alves et al. (2012a)
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TABLE 1 | (Continued)

Subfamily/

Genus

splendens

steindachneri
(Miranda Ribeiro,
1918)
vestigipinnis
(Pereira & Reis,
1992)

brachyrhyncha
Chamon, Aranda
& Buckup, 2005

Pareiorhina

rudolphi (Mi-
randa Ribeiro,
1911)

rudolphi

maculicauda
(Steindachner,
1877)

Parotocinclus

maculicauda

tietensis (Ihering,

Pseudotocinclus 1907)

n. sp.

.. obtusa (Miranda
Pseudotothyris Ribeiro, 1911)
guentheri (Mi-
randa Ribeiro,
1918)

Schizolecis

guentheri

guentheri

guentheri

Hypostominae

spilomma (Car-
doso & Lucinda,
2003)
spinosissimus
(Cardoso & Lu-
cinda, 2003)

feldbergae

Ancistomus

abilhoai Bifi,
Pavanelli & Za-
wadzki, 2009

Ancistrus

abilhoai

aff. dolichopterus
Kner, 1854

aff. dolichopterus

aguaboensis
Fisch-Muller,
Mazzoni & We-
ber, 2001

aguaboensis

ni.bio.br | scielo.br/ni

m

Séo Jodo River,
Garuva, SC,
Brazil

Cavalo stream,
Jaragud do Sul,
SC, Brazil
Caveiras River,
Painel, SC,
Brazil

Ribeirdo Grande
creek, Pinda-
monhangaba,
SP, Brazil
Convento
stream, Pinda-
monhangaba,
SP, Brazil
Marimbondo
creek, Visconde
de Maua, RJ,
Brazil

Agungui River,
Brazil

Poco Grande
stream, Juquid,
SP, Brazil

Tieté River, Pa-
ranapiacaba, SP,
Brazil

Juquid River,
Juquitiba, SP,
Brazil
Tributary of
Itanhaém River,
Itanhaém, SP,
Brazil
Parati-Mirim
stream, Parati,
RJ, Brazil

Sitio do Meio
stream, Mon-
gagua, SP, Brazil
Descoberto
stream, Guara-
tuba, PR, Brazil
Garuva River,
Garuva, SC,
Brazil

Araguaia River,
Pontal do Ara-
guaia, MT, Brazil
Araguaia River,
Pontal do Ara-
guaia, MT, Brazil

PA, Brazil

Iguacu

River, Unido
da Vitoria, PR,
Brazil

Timbé River,
Santa Cruz

do Timbo, SC,
Brazil

Aiapua Lake,
Piagacu-Purus
Sustainable
Development
Reserve, AM,
Brazil

Aiapua Lake,
Piagagu-Purus
Sustainable
Development
Reserve, AM,
Brazil

Ribeirdo Ban-
deirinha, GO,
Brazil

Ribeirdo Ban-
deirinha, GO,
Brazil

Latitude S m

15°50'15.0"S

15°50'15.0"S

26°15'64"S*

26°30'37.0"S

4°27'26.0"S

4°27'26.0"S

51°58'43.0"W

51°58'43.0"W

51°06'28"W*

50°46'55.0"W

62°11'56.0"W

62°11'56.0"W

5400

5400

5400

Paraiba do

sul e

5400

Paraiba do

sul S

Ribeira 54008
5400

5400

5400

5490

5400

5400

5490

5490

5200

5200

5200

4890

4890

5200

52008

Tocantins-

Araguaia 5099

Tocantins-

Araguaia 5090

108

102

102

102

102

90

90

78,79

78,79

86

86

Ag-
NOR KF SCS
-188
20m + 30sm + 4st
20m + 20sm + 14st
20m + 20sm + 14st
Simple  18m + 30sm + 6st
26m + 16sm + 12st
Simple  18m + 32sm + 4st
Simple  20m + 20sm + 14st
Simple  20m + 32sm + 2st
Simple  26m + 20sm + 6st XX/XY
Simple ~ 22m + 24sm + 8st
Sl 26m + 18sm + 4st
P +6a
Simple  30m + 18sm + 6a
Simple  30m + 18sm + 6a
Simple  30m + 18sm + 6a
Simple  30m + 18sm + 6a
Mul-  25m + 21sm + 6st Q,
tiple  24m +22sm + 6st & @y
Simple  26m + 22sm + 4st
Simple 38m/sm + 14st
St 22m + 14sm + 6st
P +6a
q 22m + 14sm + 6st
Simple
+6a
16m + 8sm + 2st +
Simple 26ad, 16m +9sm+  ZZ/ZW
2st +25a Q
16m + 8sm + 2st +
Simple 26ad, 16m +9sm+  ZZ/ZW
2st +25a Q
S 16m + 10sm + 4st
P +20a
q 16m + 10sm + 4st
Simple

+20a
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Reference/

Observation

Alves et al. (2005). Reported
as Hemipsilichthys splendens

Alves et al. (2005). Reported
as Hemipsilichthys stein-
dachneri

Alves et al. (2005). Reported
as Hemipsilichthys vesti-
gipinnis

Centofante et al. (2011)

Alves et al. (2005)

Centofante et al. (2011)

Ziemniczak et al. (2012)

Andreata et al. (1994)

Andreata et al. (1992)

Cristina et al. (2005)

Andreata et al. (1994)

Cristina et al. (2005)

Cristina et al. (2005)

Cristina et al. (2005)

Cristina et al. (2005)

Oliveira et al. (2006). Re-
ported as Hemiancistrus
spilomma

Oliveira et al. (2006). Re-
ported as Hemiancistrus
spinosissimus

Pety et al. (2018). Reported
as Peckoltia feldbergae

Ribeiro et al. (2015)

Ribeiro et al. (2015)

Oliveira et al. (2007)

Favarato et al. (2016).
Reported as Ancistrus sp.
Balbina

Glugoski et al. (2020)

Schott et al. (2022)

-
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TABLE 1 | (Continued)

. Ag-
S Locality Latitude Longitude 2n | NE | NOR KE SCS R (G
Genus 188 Observation
cf. dubius Eigen- iig]i‘zsa;arra
mann & Eigen- > 44038 Simple 18m +10sm + 16st/a ZZ/ZW Mariotto et al. (2004)
do Bugres, MT,
mann, 1889 .
Brazil
Coxip6 River,
5 Chapada dos .
cf. dubius Guimaries, MT, 42908 84 24m + 10sm + 8st Mariotto et al. (2006)
Brazil
Pari creek,
cf. dubius Cuiaba, MT, 42008 84 24m + 10sm + 8st XX/XY Mariotto et al. (2006)
Brazil
Flechas creek,
cf. dubius Caceres, MT, 42008 84 24m + 10sm + 8st XX/XY Mariotto et al. (2006)
Brazil
Fundo creek,
cf. dubius Poconé, MT, 42008 84 24m + 10sm + 8st XX/XY Mariotto et al. (2006)
Brazil
cf. dubius glr?z}i‘fs SUeAM,  y5e58107.0"s  57°19'07.0"W  Paraguai 4206 84  Simple 24m+10sm+8st  XX/XY Mariotto et al (2011)
cf. dubius E‘r’:zdjf SUeAM,  16014'17.0"S  56°37'31.0'"W  Paraguai 4205 84 Simple 24m+10sm+8st  XX/XY Mariotto et al. (2011)
5 Pari stream, q q o o q q 3
cf. dubius Brazil 15°36'06.0"S 56°12'19.0"W Paraguai 42008 84 Simple  24m + 10sm + 8st XX/XY Mariotto et al. (2011)
Lo Ribeirdo ;
cf. multispinis Paraiba do q 16m + 10sm + 6st q
(Regan, 1912) graqde, SP, sul 5290 84  Simple +20a Glugoski et al. (2020)
razil
Ribeirdo -
cf. multispinis Grande, SP, Baraibaic 5290 84  Simple Agn > TWETwn > @R Schott et al. (2022)
5 Sul +20a
Brazil
. Maracapuct .
cirrhosus (Valen- g0 “Ahaetuba,  1°45'29.2'S  48°56'57.0'w LCCAMNST 00 68 simple 20m + 14sm Santos da Silva et al. (2023)
ciennes, 1836) . Araguaia
PA, Brazil
Ilha do Capim, . .
cirrhosus Abaetuba, PA, 1°3402.8"S  48°5149.1"w  0CAMNS g0 0 68 Simple 20m + 14sm Santos d; Silva et al. (2023).
Brazil Araguaia Reported as Ancistrus sp. 2
Maracapuct e Santos da Silva et al.
cirrhosus River, Abaetuba,  1°45'29.2"S 48°56'57.0"W A A 3490 68  Simple 20m + 14sm (2022a). Reported as Ancis-
- raguaia
PA, Brazil trus sp. 2
Ilha do Capim, ToEe
cirrhosus Abaetuba, PA, 1°34'02.8"S 48°51'49.1"W Araguaia 3493 68 Simple 20m + 14sm Santos da Silva et al. (2022a)
Brazil
claro Knaack, Coxip6 River, onq . omr " . . 14m + 8sm + 8st .
1999 Brazil 15°21'59.0"S  55°57'11.0"W Paraguai 5490 84  Simple -9 Mariotto et al. (2011)
Coxip6 River,
Chapada dos 0nat . S W . . 14m + 8sm + 8st .
claro Guimaraes, MT, 15°21'00.0"S 55°57'00.0"W Paraguai 5498 84 Simple + 243 Mariotto et al. (2013)
Brazil
cleeninaeliens ?Cignptzlnerlg?sl;e) pZck s, Simple Rem/SIgs A4Sy ) Nirchio et al. (2023)
dahl, 1937 Fr—— ’ 539 101 sm + 4st/a & ZW,W, :
Rio La Moquil-
] lada (Cant6n 529, 100, q 48m/sm + 5a Q, 48m/ 77/ R
clementinae Las Lajas), Ec- 530 101 Simple MO G ZW,W, Nirchio et al. (2023)
uador
cuiabae Knaack Eoormnados
1999 > Poconé, MT, 16°21'21.0"S  56°27'55.0"W 34040 68  Simple  20m + 8sm + 6st Mariotto et al. (2009)
Brazil
Arrombado, Mul-
cuiabae Poconé, MT, 16°21'21.0"S ~ 56°27'55.0"W 34008 67 el 19m + 8sm + 6st + 1a Mariotto et al. (2009)
Brazil P
Arrombado,
cuiabae Poconé, MT, 16°21'21.0"S 56°27'55.0"W 34048 66 Simple 18m + 8sm + 6st + 2a Mariotto et al. (2009)
Brazil
cuiabae gf;‘z’i’f‘bado bay,  1gea191.0's  56°27'55.0'W  Paraguai 3400 68  Simple  20m + 8sm + 6st Mariotto et al. (2011)
RS Demeni River, 12m + 12sm + 4st + 2227
P Barcelos, AM, 0°25'19.0"S 62°54'42.0"W Negro 52QF 79,8 Simple 24a d,11m +12sm+ L1222 Oliveira et al. (2008)
Kner, 1854 q Z.Z,W W.
Brazil 4st + 25a @ i
Demeni River, 12m + 12sm + 4st + 7.2.2.7.]
dolichopterus Barcelos, AM, 0°25'19.0"S 62°54'42.0"W Negro 5204 79,8 Simple 24ad, 11m +12sm+ L°102°2 Favarato et al. (2016)
; Z.Z,W W,
Brazil 4st + 25a Q Sz e
3 3 Barretinho
dubius Eigen- q
mann & Eigen-  SCeam, Presi- 1°58'20.0"S  59°29'48.0"W 389, 7678 Simple 27M*10SM*2stC, yy/vyy Oliveira et al. (2008)
dente Figueire- 399 26m + 10sm + 2st Q 1z
mann, 1889 .
do, AM, Brazil
Barretinho
. Favarato et al. (2016).
dubius SIICEN, AR 1°5820.0"S  59°29'48.0"W 389, 7678 simple 2/M *10SM+25tC, yy vy Reported as Ancistrus sp.
dente Figueire- 390 26m + 10sm + 2st Q 1
r Barcelos
do, AM, Brazil
glg;ﬁzszdfanon Igarapé Ma- it Tl + @
D , lgarap 5 1°10'00.0"N 61°51'00.0"W 46Q3 81, 82 Simple 1lad,18m +12sm+ XX/XY Oliveira et al. (2010)
Zawadzki & Rapp coari, RR, Brazil 65t +10a O
Py-Daniel, 2015
'y 18m + 11sm + 6st +
maximus garap 1°10'00.0"N 61°51'00.0"W 46QG5 81, 82 Simple 11ad,18m +12sm+ XX/XY Favarato et al. (2016)

12/36

coari, RR, Brazil
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TABLE 1 | (Continued)

Subfamily/

Genus

multispinis (Re-

gan, 1912)
n.sp. 1

n.sp. 1
n. sp. 2

n. sp. 2

ranunculus

Muller, Rapp Py-
Daniel & Zuanon,

1994

ranunculus

sp.

sp.

sp.

sp. 01

sp. 03

sp. 04

sp. 04

sp. 06

sp. 06

sp. 08

sp. 1

sp. 1

sp. 1

sp. 1

sp. 13

sp. 13

sp. Cataldo
sp. Dimona

sp. L1

sp. L10

sp. L2

sp. L3

sp. L6

sp. L8
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Locality

Itapocu River,
SC, Brazil

Sédo Francisco
River, AC, Brazil
Vermelho River,
GO, Brazil
Betari River, SP,
Brazil

Garuva River,
SC, Brazil

Xingu River,
Altamira, PA,
Brazil

Xingu River,
Altamira, PA,
Brazil
Criminoso
stream, MS,
Brazil

Ivai River,
Brazil

Ivai River,
Brazil

Pipa stream,
Serra de Sao
Vicente, MT,
Brazil

Pari stream,
Cuiaba, MT,
Brazil
Sepotuba River,
Brazil

S&o José stream,
Sepotuba River,
Tangard da Ser-
ra, MT, Brazil
Matrixa River,
Brazil

Matrixa River,
Nova Monte
Verde, MT,
Brazil
Currupira River,
Brazil
Quianduba
River, Abaetuba,
PA, Brazil
Quianduba
River, Abaetuba,
PA, Brazil
Maracapuct
River, Abaetuba,
PA, Brazil

Tlha do Capim,
Abaetuba, PA,
Brazil
Salgadinho
stream, Brazil
Salgadinho
stream, Nova
Xavantina, MT,
Brazil

Cataldo Lake,
AM, Brazil
Fazenda Di-
mona, Brazil
Mourdo River,
Brazil

Sao Francisco
Falso River,
Brazil

Stream 19,
Brazil

Keller River,
Brazil

Sédo Francisco
Verdadeiro Riv-
er, Brazil
Arroyo San
Juan, Misiones,
Posada, Argen-
tina

m

3°15'21.0"S

3°15'21.0"S

18°29'20.0"S

14°33'00.0"S

15°36'00.0"S

14°41'35.0"S

14°41'00.0"S

10°03'07.0"S

10°03'00.0"S

15°07'59.0"S

1°45'18.2"S

1°45'18.2"S

1°45'29.2"S

1°34'02.8"S

14°40'14.0"S

14°40'00.0"S

3°10'45.0"S

2°19'00.0"S

52°12'45.0"W

52°12'45.0"W

54°45'14.0"W

57°24'00.0"W

56°12'00.0"'W

57°48'14.0"W

57°48'00.0"W

57°36'27.0"W

57°36'00.0"W

56°49'47.0"W

49°00'38.8"W

49°00'38.8"W

48°56'57.0"W

48°51'49.1"W

52°21'50.0"W

52°21'00.0"W

59°54'25.0"W

60°04'00.0"W

Xingu

Xingu

Paraguai

Ivai

Ivai

Paraguai

Paraguai

Paraguai

Paraguai

Amazon

Amazon

Paraguai

Tocantins-
Araguaia

Tocantins-
Araguaia

Tocantins-
Araguaia

Tocantins-
Araguaia
Tocantins-
Araguaia

Tocantins-
Araguaia

Amazonas

52940

38040

394,
409

5290

5200

4890

4800

4290

5090

5090

5400

5400

5290

5200

50909

5090

44930

38040

3800

38040

38040

4090

4090

34040
52040

50948

5090

5090

5090

50948

5090

82

82

84

88

88

84

84

82

82

86

86

80

72

72

72

72

80

80

78

Ag-
NOR
-188

Simple
Simple
Simple
Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple
Simple

Simple

Simple

Simple

Simple

Simple

Simple

28m/sm + 24st/a

30m/sm + 8st

33m + 6sm or 34m

+ 6sm XX/X0

30m/sm + 20st/a

10m + 16sm + 12st
+14a

20m + 8sm + 6st +
14a Jd, 19m + 9sm +
6st + 14a Q

20m + 8sm + 6st +
14a J, 19m + 9sm +
6st +14a @

ZZ]IW

ZZ]ITW

18m + 16sm + 8st

20m + 12sm + 6st
+12a

20m + 12sm + 6st
+12a

14m + 8sm + 8st
+24a

14m + 8sm + 8st
+24a

16m + 8sm + 6st
+22a

16m + 8sm + 6st
+22a

18m + 10sm + 8st
+14a

18m + 10sm + 8st
+14a

18m + 10sm + 8st
by ZZ/IW

20m + 14sm + 4st XX/XY

20m + 14sm + 4st XX/XY

20m + 14sm + 4st XX/XY

20m + 14sm + 4st XX/XY

26 m + 10sm + 4st

30m + 6sm + 4st

22m + 8sm + 4st XX/XY

16m + 8sm + 2st
+26a
12m + 18sm + 12st
+8a

10m + 18sm + 16st
+6a

12m + 18sm + 12st +
8a@,11m + 18sm +
13st+8a g
12m + 18sm + 12st +
8aQ,11m + 18sm +
13st+8a d

14m + 16sm + 14st
+6a

XX/XY

XX/XY

10m + 14sm + 12st
+14a

Neotropical Ichthyology, 22(4):e240050, 2024

Reference/

Observation

Alves et al. (2003)
Alves et al. (2003)
Alves et al. (2006)
Alves et al. (2003)

Alves et al. (2006)

Oliveira et al. (2007)

Favarato et al. (2016).
Reported as Ancistrus sp.
Piagacu

Prizon et al. (2016)

Barros et al. (2017)

Schott et al. (2022)

Mariotto et al. (2013)

Mariotto et al. (2013)

Mariotto et al. (2011)

Mariotto et al. (2013)

Mariotto et al. (2011)

Mariotto et al. (2013)

Mariotto et al. (2011)

Santos da Silva et al. (2022a)

Santos da Silva et al. (2023)

Santos da Silva et al. (2023)

Santos da Silva et al. (2023)

Mariotto et al. (2011)

Mariotto et al. (2013)

Favarato et al. (2016)
Oliveira et al. (2010)

Prizon et al. (2017)

Prizon et al. (2017)

Prizon et al. (2017)

Prizon et al. (2017)

Prizon et al. (2017)

Prizon et al. (2017)

-
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TABLE 1 | (Continued)

. Ag-
S Locality Latitude Longitude 2n | NE | NOR KE SCS R (G
Genus 188 Observation
Ocoi River, E q 10m + 18sm + 16st q
sp. L9 Brazil Parana 5093 Simple +6a Prizon et al. (2017)
Purus River, orqt " 0nq " : 21m + 11sm + 2st G, a
sp. Purus AM, Brazil 4°51'00.0"S 62°38'00.0"W 3400 68  Simple 20m + 125m + 25t © XX/XY Oliveira et al. (2010)
i Favarato et al. (2016).
Purus River, orq" " onqr " . 21m + 11sm + 2st G, .
sp. Purus AM, Brazil 4°51'00.0"S 62°38'00.0"W 3400 68  Simple 20m + 125m + 25t © XX/XY ﬁ/[eporte'd as Ancistrus sp.
acoari
sp. Trombetas 'er:°l‘,gb;‘j‘:zﬁw’ 1°27'00.0"S  56°21'00.0"W  Trombetas 38Q3 73  Simple 22m +8sm +5st+3a Oliveira et al. (2010)
Demeni River,
sp. Vermelho g};‘iﬂleAll‘f/fgm 0°23'00.0"S  62°50'00.0"W Negro 4205 78  Simple 26m +6sm +4st + 6a Oliveira et al. (2010)
Brazil
taunayi Miranda Caselng 22m + 10sm + 10st
o stream, Mondai, Uruguai 5093 Simple ZZ/ZW  Konerat et al. (2015)
Ribeiro, 1918 . +8a
SC, Brazil
tombador Fisch- P s
Muller, Cardoso, . A oA N 00t . . 14m + 12sm + 8st .
da Silva & Berta. Dlamantlno, MT, 14°40'00.0"S  52°21'00.0"W Amazon 5098 84  Simple +16a Mariotto et al. (2013)
Brazil
co, 2005
emarginatus Araguaia River, Artoni, Bertollo (2001).
Aphanotorulus  (Valenciennes, Barra do Gargas, 52Q0 Simple  16m + 30sm + 6st Reported as Hypostomus
1840) MT, Brazil emarginatus
loro Zawadzki, -
Araichthys Bifi & Mariotto, Brgzi% ’ 12°79'677S* 58°39°02"W* Amazon 54QF 108 Simple 36m +12sm + 6st Mariotto et al. (2019)
2016
Xingu River, Sy AT
Baryancistrus  aff. niveatus Altamira, PA, 3°12'48.0"S 52°12'41.7"W gzon 52QF 104 Simple 16m + 32sm + 4st Souza et al. (2004)
Brazil
ﬁt;nth;ll?].;amd Volta Grande do SR
PP £y > Xingu, Altamira,  3°36'31.5"S  51°34'57.4"W g 5209 104 Simple 16m +28sm + 8st Medeiros et al. (2016)
Zuanon & de 5 Amazon
o PA, Brazil
Oliveira, 2011
Volta Grande do SR
xanthellus Xingu, Altamira,  3°23'28.2"S 51°44'29.3"W J 5295 104 Simple 16m +28sm + 8st Medeiros et al. (2016)
5 Amazon
PA, Brazil
Volta Grande do S
xanthellus Xingu, Altamira, 3°22'29.7"S 51°42'25.0"W s 52908 104 Simple 16m +28sm + 8st Medeiros et al. (2016)
- Amazon
PA, Brazil
Volta Grande do SRV
xanthellus Xingu, Altamira,  3°35'38.6"S 51°49'36.0"W A & 52Q48 104 Simple 16m +28sm + 8st Medeiros et al. (2016)
. mazon
PA, Brazil
Chopot6 River,
Corymbophanes n. sp. Desterro de 5493 20m + 20sm + 14st Alves et al. (2005)
Melo, MG, Brazil
Araguaia River,
Hemiancistrus  sp. Barra do Gargas, 5290 Simple 20m + 20sm + 12st/a Artoni, Bertollo (2001)
MT, Brazil
cf. debilittera
. Armbruster, Uatuma River, Uatuma- Mul-
Hypancistrus Lujan & Taphorn, AM, Brazil ) 5205 104 tiple 34m/sm + 18st Santos et al. (2023)
2007
. Uatuma River, Uatuma- Mul- .
cf. debilittera AM, Brazil NPT 52908 105 tiple 34m/sm + 18st Silva et al. (2014)
Xingu River, PA, Xingu- Mul-
L066 e INTERTTR, 5208 104 tiple 40m/sm + 12st/a Cardoso et al. (2016)
Xingu River, PA, Xingu- Mul-
[E3838 Brazil INTERTR 5208 104 tiple 40m/sm + 12st/a Cardoso et al. (2016)
Xingu River,
sp. "Pao" Belo Monte hy- 3°06'12.8"S 51°43'53.9"W 52Q0 94 40m/sm + 12st/a Almeida et al. (2023)
droeletric plant
sp. "Pao" Altamira, PA 52908 104 22m + 18sm + 12st Santos et al. (2023)
zebra Isbriicker & Xingu River, PA, Xingu- Mul- 5
Nijssen, 1991 Brazil Amazon 52¢0 w2 tiple 34m/sm + 18st Silva et al. (2014)
Xingu River, PA, Xingu- Mul-
zebra el AR 52908 104 tiple 40m/sm + 12st/a Cardoso et al. (2016)
Xingu River,
zebra Belo Monte hy- 3°06'12.8"S 51°43'53.9"W 52Q48 94 40m/sm + 12st/a Almeida et al. (2023)
droeletric plant
zebra Altamira, PA 5205 104 16m + 20sm + 16st Silva et al. (2014)
aff. agna (Mi- Cavalo stream,
Hypostomus randa Ribeiro, Jaragud do Sul, Soqthern 7493 Mul- 8m +10sm + 32st Martinez et al. (2011)
X Brazil Coast tiple +24a
1907) SC, Brazil
5 5 = q 16m + 12sm + 12st +
aff. ancistroides  Sao Miguel Ar- - yq05)11) 3vg 4705546.8"W  Parapanema 6600 Mul- a0, 17m+12sm+ XX/XY Rocha-Reis et al. (2018)
(Thering, 1911) canjo, SP, Brazil tiple 125t +25a G
5 16m + 13sm + 22st +
aff. ancistroides  KCLer River, 23°3825.9"S  51°51'32.8"W esog 1% Mul 4o 0 d6m+12sm+  ZZ/ZW  Kamei et al. (2017)
Brazil 118 tiple
22st +18a &
. . Ponta Grossa, . . Mul- 12m + 16sm + 10st
aff. ancistroides PR, Brazil Tibagi 66Q5 104 tiple +28a Maurutto et al. (2012)
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Subfamily/

Genus

aff. cochliodon
Kner, 1854

aff. cochliodon
aff. hermanni
(Thering, 1905)
aff. paulinus
(Thering, 1905)

aff. paulinus

aff. tietensis
(Thering, 1905)

aff. tietensis

aff. topavae
(Gody, 1969)

aff. topavae

aff. unae (Stein-

dachner, 1878)

aff. unae

aff. unae

aff. unae
affinis (Stein-
dachner, 1877)
affinis

affinis

affinis

albopunctatus
(Regan, 1908)

albopunctatus

albopunctatus

albopunctatus

albopunctatus

albopunctatus

ancistroides (Iher-

ing, 1911)

ancistroides

ancistroides

ancistroides

ancistroides

ancistroides

ancistroides

ancistroides

ni.bio.br | scielo.br/ni

Locality Latitude

Esparramo
stream, Ron-
dondpolis, MT,
Brazil

Pitaluga stream,
Rondondpolis,
MT, Brazil
Keller River,
Brazil

Piquiri River,
PR, Brazil
Piracicaba Riv-
er, Piracicaba,
SP, Brazil
Pirap6 River,
Brazil

Do Campo
River, Brazil
Mogi Guacu
River, Piras-
sununga, SP,
Brazil

Mogi Guacu
River, Piras-
sununga, SP,
Brazil

Contas River,
Brazil

Preto do Costa
River, Brazil
Oricé River,
Brazil

Preto do
Criciuma River,
Brazil

Jacui stream,
Brazil

Jacui stream,
Brazil

Jacui creek,
Cunha, SP,
Brazil

Paraiba do Sul
River, Itaocara,
RJ, Brazil

Mogi Guacu
River, Piras-
sununga, SP,
Brazil

Piquiri River,
Brazil

Piquiri River,
Nova Laranjei-
ras, Brazil
Piracicaba Riv-
er, Piracicaba,
SP, Brazil

Mogi Guacu
River, Piras-
sununga, SP,
Brazil
Piracicaba Riv-
er, Piracicaba,
SP, Brazil

16°30'19.6"S

16°28'38.1"S

23°38'25.9"S

22°43'07.0"S

23°18'15.0"S

24°04'41.0"S

13°51'51.0"S
13°45'84"S*
14°08'03.0"S

13°55'45.0"S

22°52'00.0"S

22°52'00.0"S

23°02'25.9"S

21°39'41.1"S

24°56'54.0"S

22°43'07.0"S

22°43'07.0"S

Rio Monjolinho,
Séo Carlos, SP,
Brazil

Araquaé River,
Botucatu, SP,
Brazil

Corumbatai
River, SP, Brazil
Piquiri River,
Formosa do
Oeste, PR, Brazil
Dourados
stream, Manda-
guari, PR, Brazil
Maringé stream,
Maringd, PR,
Brazil

Longitude

54°40'31.6"W

54°32'08.3"W

51°51'32.8"W

47°39'19.0"'W

51°53'40.0"W

52°26'12.0"W

40°04'54.0"W
39°56'47"W*
39°21'30.0"'W
39°57'57.0"W
44°51'00.0"W
44°51'00.0"W

44°56'02.7"W

42°04'28.3"W

52°35'49.0"W

47°39'19.0"W

47°39'19.0"W

Paraguai

Paraguai

Paranapa-
nema

Ivai

Contas
Contas

Contas

Contas

Paraiba do
Sul
Paraiba do
Sul

Paraiba do
Sul

Paraiba do
Sul

Paranapa-
nema

Pirap6

Pirap6

2n

6400

6400

72008

7490

7690

7690

7690

7090

7090

7690
7690

7690

7690

6690

6690

6690

6690

7490

74Q0

7490

7490

7490

7490

6890

6800

6890

6800

6800

6800

6800

6890

124

102

114

114

102

102

104

108

106

106

106

104

104

104

104

104

105M,
106F

102

104

Ag-
NOR
-188

Mul-
tiple

Mul-
tiple

Mul-
tiple

Simple
Simple

Simple
Mul-
tiple

Mul-
tiple

Mul-
tiple

Simple
Simple

Simple

Simple

Mul-
tiple
Mul-
tiple

Mul-
tiple

Mul-
tiple

Mul-
tiple

Simple

Mul-
tiple

Mul-
tiple

Mul-
tiple

Mul-
tiple
Mul-
tiple
Mul-
tiple

Mul-
tiple

Mul-
tiple

18m + 20sm + 26st/a

18m + 20sm + 26st/a

12m + 22sm + 18st
+20a

10m + 12sm + 20st
+32a

8m + 18sm + 50st/a
8m + 6sm + 24st
+38a

8m + 6sm + 24st
+38a

18m + 14sm + 38st/a

18m + 14sm + 38st/a

12m + 16sm + 48st/a
12m + 20sm + 44st/a

10m + 14sm + 52st/a

10m + 20sm + 46st/a

14m + 14sm + 12st
+12a

14m + 14sm + 12st
+12a

12m + 12sm + 14st
+28a

12m + 12sm + 14st
+28a

10m + 20sm + 44st/a

8m + 14sm + 16st
+36a

8m + 14sm + 16st
+36a

10m + 20sm + 44st/a

10m + 20sm + 44st/a

10 + 18sm + 46st/a

10m + 27sm + 31st/a
d, 10m + 28sm +
30st/a @

16m + 18sm + 34st/a

18m + 10sm + 12st
+28a
10m + 26sm + 32st/a

16m + 4sm + 16st
+32a

14m + 14sm + 8st
+32a

14m + 12sm + 18st
+24a

16m + 12sm + 18st
+22a

Neotropical Ichthyology, 22(4):e240050, 2024

SCS

Reference/

Observation

Becker et al. (2014)

Becker et al. (2014)

Kamei et al. (2017)

Bueno et al. (2013)

Rubert et al. (2016)

Paula et al. (2022)

Paula et al. (2022)

Artoni, Bertollo (1996). Re-
ported as Hypostomus sp. A

Lorscheider et al. (2015)

Bitencourt et al. (2012)
Bitencourt et al. (2012)

Bitencourt et al. (2012)

Bitencourt et al. (2012)

Kavalco et al. (2004)

Kavalco et al. (2005)

Branddo et al. (2018)

Branddo et al. (2018)

Artoni, Bertollo (1996)

Bueno et al. (2013)

Bueno et al. (2014)

Rubert et al. (2016)

Lorscheider et al. (2015)

Rubert et al. (2022)

Michele et al. (1977)

Artoni, Bertollo (1996).
Reported as Plecostomus
strigaticeps

Alves et al. (2006)

Rubert et al. (2011)

Alves et al. (2012b)

Bueno et al. (2012)

Endo et al. (2012)

Endo et al. (2012)

-
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Subfamily/

Genus

ancistroides
ancistroides

ancistroides
ancistroides
ancistroides
ancistroides
ancistroides

ancistroides

cf. heraldoi Za-
wadzki, Weber &
Pavanelli, 2008

cf. plecostomus
(Linnaeus, 1758)

cf. topavae

cf. wuchereri
(Giinther, 1864)

cf. wuchereri

cochliodon Kner,
1854

cochliodon

cochliodon

commersoni Va-
lenciennes, 1836

commersoni

commersoni

commersoni

‘ commersoni

derbyi (Haseman,
1911)

derbyi

faveolus Za-
wadzki, Birindelli
& Lima, 2008

faveolus

goyazensis (Re-
gan, 1908)
hermanni (Ther-
ing, 1905)

‘ hermanni
‘ hermanni

16/36

Locality

Ximbauva
stream, Ourizo-
na, PR, Brazil
Piquiri River,
Brazil

Agua Boa
stream, Mundo
Novo, MS, Brazil
Dourado
stream, Mundo
Novo, MS, Brazil
Dourado
stream, Mundo
Novo, MS, Brazil
Hortela stream,
Botucatu, SP,
Brazil

Piquiri River,
Nova Laranjei-
ras, Brazil
Monjolinho
River, Sdo Car-
los, SP, Brazil
Mogi Guagu
River, Piras-
sununga, SP,
Brazil

Severo stream,
Brazil

Carrapato
stream, Pendpo-
lis, SP, Brazil
Mutum River,
Jequié, BA,
Brazil

Una River,
Valencga, BA,
Brazil

Iguagu River,
Brazil

Iguagu River,
Foz do Iguacu,
PR, Brazil
Piraputanga
River, Caceres,
MT, Brazil
Iguacu River,
Brazil

Lake of Ney
Braga hydro-
eletric plant,
Mangueririnha,
PR, Brazil
Piquiri River,
Nova Laranjei-
ras, Brazil
Iguacu River,
Foz do Iguagu,
PR, Brazil
Iguagu River,
PR, Brazil
Iguagu River,
Curitiba, PR,
Brazil

Iguagu River,
PR, Brazil

Taquaralzinho
River, MT, Brazil

Taquaralzinho
River, Barra
do Gargas, MT,
Brazil
Vermelho River,
GO, Brazil
Piquiri River,
PR, Brazil
Piquiri River,
Nova Laranjei-
ras, Brazil
Piracicaba Riv-
er, Piracicaba,
SP, Brazil

Latitude Longitude m

22°56'28.9"S

24°56'54.0"S

9°54'30.8"S

13°43'18.0"S

13°21'55.0"S

25°38'53.0"S

16°03'33.0"S

24°56'54.0"S

25°38'53.0"S

26°15'01.1"S

26°15'01.1"S

15°40'42.0"S

24°56'54.0"S

22°43'07.0"S

Neotropical Ichthyology, 22(4):e240050, 2024

48°35'03.2"W

52°35'49.0"W

56°03'33.9"W

39°51'20.0"W

39°04'35.0"W

54°27'28.0"W

57°40'33.0"W

52°35'49.0"W

54°27'28.0"W

51°06'10.7"W

51°06'10.7"W

52°17'52.0"W

52°35'49.0"W

47°39'19.0"'W

Ivai

Mogi Guacu

Amazon

Parana

Contas

Reconcavo
Sul

Paraguai

Parana

Parand

6890

6800

6800

68QJ0

6890

68040

6800

6800

72908

6890

8090

7690

7690

6400

6400

6400

6890

6800

6890

6890

6890

6690

6890

6400

6400

7200

7200

72008

7290

Z
v

116

116

120

102

120/
121

104

104

100

100

106

82

102

98

Ag-
NOR
-188

Mul-
tiple

Mul-
tiple
Mul-
tiple

Mul-
tiple

Mul-
tiple

Mul-
tiple

Mul-
tiple

Mul-
tiple
Simple
Mul-
tiple
Mul-

tiple

Simple

Simple

Simple

Simple

Mul-
tiple

Mul-
tiple

Mul-
tiple

Mul-
tiple

Mul-
tiple

Mul-
tiple

Mul-
tiple

Simple

Simple

Simple

Simple

Mul-
tiple

Mul-
tiple

Simple

8m + 10sm + 18sm
+32a

14m + 14sm + 8st
+32a

14m + 24sm + 10st
+20a

10m + 22sm + 16st
+20a

14m + 16sm + 22st
+16a

10m + 20sm + 10st
+28a

14m + 14sm + 8st
+32a

16m + 18sm + 34st/a

6m + 6sm + 26st
+34a

14m + 24sm + 14st +
16a &, 15m + 24sm +
14st + 152 Q

6m + 8sm + 42st
+24a

10m + 18sm + 48st/a

10m + 18sm + 48st/a
12m + 16sm + 16st
+20a

12m + 16sm + 16st
+20a

16m + 20sm + 28st/a

12m + 14sm + 14st
+28a

12m + 12sm + 8st
+36a

12m + 14sm + 14st
+28a

12m + 14sm + 14st
+28a

12m + 12sm + 14st
+30a

6m + 10sm + 20st
+30a

12m + 12sm + 10st
+34a

18m + 8sm + 22st
+16a

18m + 8sm + 22st
+16a

10m + 16sm + 10st
+36a

10m + 8sm + 32st
+22a

10m + 8sm + 32st
+22a

8m + 18sm + 46st/a

ZZ]IW

Reference/

Observation

Endo et al. (2012)

Bueno et al. (2013)

Fernandes et al. (2012)

Fernandes et al. (2012)

Traldi et al. (2013)

Pansonato-Alves et al. (2013)

Bueno et al. (2014)

Lorscheider et al. (2015)

Martinez et al. (2011)

Oliveira et al. (2015)

Martinez et al. (2011)

Bitencourt et al. (2011b)

Bitencourt et al. (2011b)

Bueno et al. (2014)

Rubert et al. (2016)

Rubert et al. (2016)

Bueno et al. (2013)

Maurutto et al. (2012)

Bueno et al. (2014)

Bueno et al. (2014)

Lorscheider et al. (2018)

Maurutto et al. (2012)

Lorscheider et al. (2018)

Bueno et al. (2013)

Bueno et al. (2014)

Alves et al. (2006)

Bueno et al. (2013)

Bueno et al. (2014)

Rubert et al. (2016)
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TABLE 1 | (Continued)

Sugfamlly/ Species Locality Latitude Longitude 2n NF KF SCS Referenge/
enus Observation
Piracicaba Riv-
hermanni er, Piracicaba, 22°43'07.0"S 47°39'19.0"W 7298 8m + 18sm + 46st/a Rubert et al. (2022)
SP, Brazil
D da Lapa stream,
11’19%’;;13" (Regan, 1 oina, SP, soog 132 e Bmrl6sm 28t Traldi et al. (2012)
Brazil ple a
Piracicaba Riv-
iheringii er, Piracicaba, 22°43'07.0"S 47°39'19.0"W 8094 102  Simple 8m +14sm + 58st/a Rubert et al. (2016)
SP, Brazil
o gligglrc;lgf_‘g; ) Artoni, Bertollo (1996).
iheringii sunul,lga SP. 76QF 114 Simple 8m + 30sm + 38st/a Reported as Hypostomus aff.
Brazil auroguttatus
razl
Mogi Guacu
iheringii s&‘;‘:ﬂgfg 7600 114 Simple 8m +30sm +38st/a Lorscheider et al. (2015)
Brazil
Piracicaba Riv-
iheringii er, Piracicaba, 22°43'07.0"S 47°39'19.0"W 8090 8m + 14sm + 58st/a Rubert et al. (2022)
SP, Brazil
jaguar Zanata, Mul-
Sardeiro & Za- 76908 tinle 10m + 20sm + 46st/a Anjos et al. (2020)
wadzki, 2013 P
macrops (Eigen-
mann & Eigen- 6890 92 10m + 14sm + 44st/a Michele et al. (1977)
mann, 1888)
Claro/Mutuca
'{;‘;g‘m Kuaacio g;‘;eé’u fﬁgﬁ‘:s 15°20'13.0"S  55°53'45.0"W  Paraguai 8205 104 Simple 4m + 18sm + 60st/a Rubert et al. (2016)
MT, Brazil
mutucae g:z‘;lm"er' 15°20'13.0"S  55°53'45.0"W 8200 Simple 4m + 18sm + 60st/a Rubert et al. (2022)
;’gf%“ (Coeline) {,gi""fgf‘ﬂver’ 26°1501.1"S  51°0610.7'W  Parand 7495 114 Simple 2M7 }631]2 vzt Lorscheider et al. (2018)
Mogi Guagu
nigromaculatus River Cach_oeira Mul-
(Schubart, 1964) de Emas, Piras- 7693 104 tiple 8m + 20sm + 48st/a Rubert et al. (2008)
sununga, SP,
Brazil
Trés Bocas Mul-
nigromaculatus  stream, Lond- 76Q3 102 o 6m + 20sm + 50st/a Rubert et al. (2008)
rina, PR, Brazil P
dos Apertados Mul-
nigromaculatus  stream, Lond- 7698 102 . 6m + 20sm + 50st/a Rubert et al. (2008)
5 5 tiple
rina, PR, Brazil
Lapa stream,
nigromaculatus ngﬂna, SP, 76908 140  Simple 12t Ezlszm +30st Traldi et al. (2013)
Brazil a
Hortela stream, 8m + 18sm + 20st
nigromaculatus  Botucatu, SP, 22°56'28.9"S 48°35'03.2"W 76908 Simple +30a Pansonato-Alves et al. (2013)
Brazil
Pirapitinga
nigromaculatus E‘:‘fgs Cé‘glas 17°43'37.0"S  48°32'54.0"W 7405 104 Simple 8m +22sm +44st/a Rubert et al. (2016)
Brazil
paulinus (Thering, Michele et al. (1977).
1905) 4 74908 104 10m + 20sm + 44st/a Repprteq as Plecostomus
ancistroides
Trés Bocas Paranapa-
paulinus stream, PR, — 7693 98 Simple 6m + 16sm + 54st/a Rubert et al. (2011)
Brazil
EELECes Paranapa-
paulinus stream, PR, — 7690 98  Simple 6m +16sm + 54st/a Rubert et al. (2011)
Brazil
paulinus 74905 Simple Ko }2352!-; N Bueno et al. (2014)
Piracicaba Riv-
paulinus er, Piracicaba, 22°43'07.0"S 47°39'19.0"W 7693 98 Simple 6m + 16sm + 54st/a Rubert et al. (2016)
SP, Brazil
Mogi Guacu
. River, Piras- Mul- Artoni, Bertollo (1996). Re-
pZiuzy sununga, SP, 7200 100 tiple LU glesmbg SUd ported as Hypostomus sp. C
Brazil
Mogi Guacu
paulinus gll‘xlleurﬁ;;f?ri 72Q8 100 i\gllle; 10m + 18sm + 44st/a Lorscheider et al., 2015
Brazil
Il\aﬂjgierpl;?g:. Mul- Artoni, Bertollo (1996).
paulinus > 72Q8' 106 . 14m + 20sm + 38st/a Reported as Hypostomus
sununga, SP, tiple sp. D2
Brazil P-
Mogi Guagu
paulinus il;;eurr,lé’;rassp 7295 106 It\gllle 14m + 20sm + 38st/a Lorscheider et al. (2015)
Brazil
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Species Locality Latitude Longitude m

Subfamily/ Reference/

Genus Observation
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paulinus

plecostomus (Lin-
naeus, 1758)

plecostomus

prope iheringii
prope paulinus
prope paulinus

prope plecos-
tomus

prope unae
prope unae
prope unae
prope unae
regani (IThering,
1905)

regani

regani

regani

regani

regani

regani

regani

regani

regani

regani
regani
soniae Hollanda

Carvalho & We-
ber, 2005

soniae

soniae
sp.
sp.
sp.

sp.

Piracicaba Riv-
er, Piracicaba,
SP, Brazil

Corumbatai
River, SP, Brazil
Corumbatai
River, SP, Brazil
Corumbatai
River, SP, Brazil
Orinoco River,
Bolivar, Ven-
ezuela

Contas River,
Brazil

Contas River,
Brazil

Oricé River,
Brazil

Preto do
Criciuma River,
Brazil

Araqua River,
Botucatu, SP,
Brazil
Jacutinga River,
Brazil

Piumbhi River,
Piumhi, MG,
Brazil

Mogi Guacu
River, Piras-
sununga, SP,
Brazil

Ivai River, Flo-
resta, PR, Brazil
Piquiri River,
Brazil

Piquiri River,
Nova Laranjei-
ras, Brazil
Mogi Guagu
River, Piras-
sununga, SP,
Brazil
Pirapitinga
River, Caldas
Novas, GO,
Brazil

Onga stream,
Coxim, MS,
Brazil

Onga stream,
Coxim, MS,
Brazil

Alta Floresta,
MT, Brazil

Alta Floresta,
MT, Brazil
Alta Floresta,
MT, Brazil
Mogi Guagu
River, Piras-
sununga, SP,
Brazil

Mogi Guagu
River, Piras-
sununga, SP,
Brazil

Fundo stream,
Barra do Gargas,
MT, Brazil
Mogi Guacu
River, Piras-
sununga, SP,
Brazil

22°43'07.0"S

13°51'51.0"S

13°51'51.0"S

14°08'03.0"S

20°20'31.0"S

24°56'54.0"S

21°55'37.7"S

17°43'37.0"S

18°32'18.0"S

18°32'18.0"S

9°54'30.8"S

9°53'50.5"S

9°53'30.5"S
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47°39'19.0"W

40°04'54.0"W

40°04'54.0"W

39°21'30.0"W

45°59'03.4"W

52°35'49.0"W

47°22'02.6"W

48°32'54.0"W

54°33'43.0"'W

54°33'43.0"W

56°03'33.9"W

56°03'39.5"W

56°04'18.8"W

7690
5490
5490
7490
7690
7690
68Qd0
Contas 76908
Contas 76908
Contas 7690
Contas 7693
72Q0
72008
Paranapa-
nema 72900
Sdo Fran-
cisco 225}
7200
Ivai 72008
7290
7290
7290
7290
Paraguai 7290
Paraguai 72908
Teles Pires 649G
Teles Pires 649G
Teles Pires 649G
72Q0
72Q0
Tocantins-
Araguaia 6409

Mogi Guagu 689G

104

108

100

106

100

116

100

112

112

112

108

108

Mul-
tiple

Simple

Simple

Simple

Mul-
tiple
Mul-
tiple
Mul-
tiple
Mul-
tiple

Mul-
tiple
Mul-
tiple

Simple

Simple

Mul-
tiple
Mul-
tiple

Mul-
tiple

Simple

SImple

Simple

Simple

Mul-
tiple
Mul-
tiple
Mul-
tiple

Mul-
tiple

Mul-
tiple

Simple

Mul-
tiple

6m + 16sm + 54st/a

24m/sm + 12st + 18a

10m + 14sm + 20st
+30a

6m + 18sm + 12st
+40a

6m + 18sm + 12st
+40a

12m + 16sm + 12st
+28a

12m + 16sm + 48st/a

12m + 20sm + 44st/a

10m + 14sm + 52st/a

10m + 20sm + 46st/a

10m + 20sm + 42st/a

12m + 18sm + 26st
+16a

10m + 18sm + 44st/a

8m + 16sm + 20st
+28a

6m + 6sm + 32st
+28a

12m + 14sm + 26st
+20a

12m + 8sm + 10st
+42a

12m + 8sm + 10st
+42a

10m + 20sm + 42st/a

12m + 22sm + 38st/a

12m + 14sm + 18st
+28a

13m + 14sm + 17st
+18a

12m + 22sm + 14st
+16a

12m + 22sm + 14st
+16a

12m + 22sm + 14st
+16a

XX/XY

XX/XY

XX/XY

10m + 26sm + 36st/a

10m + 26sm + 36st/a

14m + 24sm + 26st/a
d, 15m + 24sm +
25st/a Q

ZZJ]IW

6m + 6sm + 32st
+24a

Rubert et al. (2022)
Hinegardner, Rosen (1972)
Muramoto et al. (1968).

Reported as Plecostomus
paulinus

Alves et al. (2012b)
Alves et al. (2012b)

Alves et al. (2012b)
Alves et al. (2012b)

Bitencourt et al. (2011a)
Bitencourt et al. (2011a)

Bitencourt et al. (2011a)
Bitencourt et al. (2011a)
Artoni, Bertollo (1996)
Alves et al. (2006)
Rubert et al. (2011)

Mendes-Neto et al. (2011)

Martinez et al. (2011)

Endo et al. (2012)

Bueno et al. (2013)

Bueno et al. (2014)

Rubert et al. (2016)

Rubert et al. (2016)

Ferreira et al. (2019)

Ferreira et al. (2019)

Oliveira et al. (2019)

Oliveira et al. (2019)
Oliveira et al. (2019)

Artoni, Bertollo (1996).
Reported as Hypostomus
sp. D1

Lorscheider et al. (2015)

Artoni et al. (1998)

Martinez et al. (2011)
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TABLE 1 | (Continued)

Sy Species Locality Latitude Longitude 2n NF KF SCS Referenge/
Genus Observation
Esparramo
stream, Ron- TG 01000 (" Mul-
sp. dondpolis, MT, 16°30'00.0"S  54°40'00.0"W Paraguay 7497 tiple 12m + 20sm + 42st/a Becker et al. (2014)
Brazil
Perdido River,
sp. 2 Rio Perdido  Lianalto da 21°17'09.0"S  56°41'46.0"W 840G 106 Simple 6m +16sm + 62st/a Cereali et al. (2008)
: Bodoquena, MS, . : :
Brazil
Salobra River,
sp. 3 Corrego Planalto da P . oAt . 100- 6m + 12sm + 64st/a .
Salobrinha Bodoquena, MS, 20°41'34.0"S 56°44'25.0"W 82040 102 + 1-2aBs Cereali et al. (2008)
Brazil
Salobrinha
sp. 3 Corrego stream, Planalto op " . " 100- 6m + 12sm + 64st/a q
salobrinha da Bodoquena, 20°41'07.0"S 56°46'44.0"W 8290 102 + 1-2aBs Cereali et al. (2008)
MS, Brazil
Mogi Guagu
River, Piras- A .
sp. B sununga, SP, 72908 Simple 12m + 18sm + 42st/a Artoni et al. (1999a)
Brazil
Mogi Guagu
River, Piras- Mul- 4
sp. E sununga, SP, 8090 tiple 8m + 16sm + 56st/a Artoni et al. (1999a)
Brazil
< . 10m + 16sm + 50st/a
sp. F Sgo Franc1§co /o, or 10m + 17sm + Artoni et al. (1999a)
River, Brazil 76908
48st/a
Xingu River, SR /N
sp. Xingu-1 Altamira, PA, 3°12'48.0"S 52°12'41.7"W gzon 6493 Simple 32m/sm + 32st/a Milhomem et al. (2010)
Brazil
Xingu River, SR /N
sp. Xingu-2 Altamira, PA, 3°12'48.0"S 52°12'41.7"W gzon 66Q35 Simple  32m/sm + 34st/a Milhomem et al. (2010)
Brazil
Xingu River, .
sp. Xingu-3 Altamira, PA, 31248.0°  5212417W XML AME ggo Simple  8m/smm  26sta Milhomenm et al. (2010)
Brazil
Forquetinha
spiniger (Hensel, River, 00> ,, o (. " Mul- 10m + 16sm + 14st .
1870) Forquetinha, RS, 29°21°43.5”S  52°07°39.6"W 6690 tiple +26a Takagui et al. (2023)
Brazil
.. Quadros La- ons o o (s " Mul- 10m + 16sm + 14st .
spiniger goon, RS, Brazil 29°21°43.5”S  52°07°39.6”W 6690 tiple +26a Takagui et al. (2023)
Forquetinha Rubert et al. (2016). Report-
- River, - " o " Mul- ed as Hypostomus commer-
SPUAEEr Forquetinha, RS, AU 52307/39:04W] 6600 22 tiple 10m +16sm + 40st/a soni, corrected in Takagui et
Brazil al. (2023)
strigaticeps (Re- Michele et al. (1977). Report-
gan, 1908) 2 e B > 4m - G ed as Plecostomus macrops
A Paranapa- Mul-
strigaticeps —— 7200 98 tiple 10m + 16sm + 46st/a Rubert et al. (2011)
I Corumbatai Mul-  10m + 14sm + 14st
strigaticeps River, SP, Brazil 74908 tiple +36a Alves et al. (2012b)
I Ivai River, Flo- Mul-  10m + 14sm + 18st
strigaticeps resta, PR, Brazil 72908 tiple +30a Endo et al. (2012)
o] Piquiri River, Mul-  12m + 12sm + 18st
strigaticeps Brazil 72908 tiple +30a Bueno et al. (2013)
Agua Boa )
strigaticeps stream, Mundo 7298 122 Mul 12m +18sm + 20st Fernandes et al. (2012)
- tiple +22a
Novo, MS, Brazil
Hortela stream,
strigaticeps Botucatu, SP, 22°56'28.9"S 48°35'03.2"W 72938 ghile 0mh zszssr;l AL Pansonato-Alves et al. (2013)
Brazil P
Piquiri River,
strigaticeps Nova Laranjei- 24°56'54.0"S  52°35'49.0"W 7200 1\:[1112 12m + 32355;1 +18st Bueno et al. (2014)
ras, Brazil iz
Atlantico
strigaticeps stream, PR, Bra-  23°18'13.0"S  52°01'51.0"W Parana 72908 i\f}‘jle 12m + 123352 +18st Baumgartner et al. (2014)
zil
s Piquiri River, omp " onct " A Mul- 12m + 12sm + 18st "
strigaticeps PR, Brazil 24°56'54.0"S 52°35'49.0"W Parana 7298 tiple +30a Baumgartner et al. (2014)
s Parana River, onar " o1 " A Mul- 12m + 12sm + 18st "
strigaticeps PR, Brazil 24°48'43.0"S 54°19'16.0"W Parana 72Q8 tiple +30a Baumgértner et al. (2014)
e Iguassu River, 0na W 0n " A Mul-  12m + 12sm + 18st "
strigaticeps PR, Brazil 25°39'02.0"S 54°27'25.0"W Parand 7208 tiple +30a Baumgértner et al. (2014)
Mogi Guacu
N River, Piras- o o 099" " i
strigaticeps 21°55'37.7"S  47°22'02.6"W 72903 98  Simple 10m +16sm + 46st/a Rubert et al. (2016)
sununga, SP,
Brazil
Mogi Guagu
L River, Piras- . .
strigaticeps sununga, SP, 7295 102  Simple 12m +18sm + 42st/a Lorscheider et al. (2015)
Brazil
Mogi Guagu
Lo River, Piras- . Artoni, Bertollo (1996). Re-
strigaticeps sununga, SP, 7295 102  Simple 12m +18sm + 42st/a ported as Hypostomus sp. B
Brazil

-

ni.bio.br | scielo.br/ni Neotropical Ichthyology, 22(4):e240050, 2024 19/36



https://www.ni.bio.br/
https://www.scielo.br/ni

Review of Loricariidae cytogenetics

TABLE 1 | (Continued)

Sy Species Locality Latitude Longitude 2n NF KF SCS Referenge/
Genus Observation
tapijara Oyaka- RISl
wa, Akama &  18uape River, e | me | UL | MW 2em I Traldi et al. (2013)
Registro, SP, tiple +14a
Zanata, 2005 +
Brazil
tietensis (Thering, Pirai River, 0nor " 00t . . . 8m + 8sm + 20st .
1905) Bl 23°22'22.0"S 47°22'13.0"W Parana 72908 108  Simple +36a Anjos et al. (2020)
3 5 Pirai River, 0nor " 00t " A . 8m + 8sm + 20st
tietensis Brazil 23°22'22.0"S 47°22'13.0"W Parand 72Q3 109  Simple +36a Paula et al. (2022)
Mogi Guagu
topavae (Godoy,  River, Piras- Mul- Artoni, Bertollo (1996). Re-
1969) sununga, SP, 8090 104 tiple Gim ¢ ek« Bkt ported as Hypostomus sp. E
Brazil
Mogi Guagu
River, Piras- Mul- A
topavae sununga, SP, 80Q5 104 tiple 8m + 16sm + 56st/a Lorscheider et al. (2015)
Brazil
Piquiri River,
topavae Nova Laranjei- 8090 e 1%552 + 26st Bueno et al. (2012)
ras, PR, Brazil
Piquiri River, . 14m + 10sm + 26st
topavae PR, Brazil 8093 Simple +30a Bueno et al. (2013)
Piquiri River,
topavae Nova Laranjei- 24°56'54.0"S  52°35'49.0"W Parana 8095 Simple 14m + E%SOI: + 26st Bueno et al. (2014)
ras, PR, Brazil
Keller River, S— " omqt " Mul-  14m + 30sm + 18st q
topavae Brazil 23°38'25.9"S 51°51'32.8"W 8090 142 tiple +18a Kamei et al. (2017)
unae (Stein- .
dachner, 1878) 76Q3 10m + 20sm + 46st/a Anjos et al. (2020)
9 schomburgkii Massangana San Ao onaran q q
Lasiancistrus (Giinther, 1864) River, Brazil 9°80'48"S* 63°08'90"W* Amazon 54040 108 Simple 28m +16sm + 10st Mariotto et al. (2019)
Cachoeira River, o i comrmnm Tocantins- 3 q
sp. el 14°64'66"S* 52°35'50"W* Araguaia 5400 108 Simple 28m +16sm + 10st Mariotto et al. (2019)
Megalancistrus — sp. gi_l;ili)la IR, 15°62'90"S* 56°08'70"W* Paraguai 520 104 Simple 28m +16sm + 8st Mariotto et al. (2019)
arananus (Pe- R
P Nova Laranjei- 52908 Simple  18m + 24sm + 10st Bueno et al. (2018)
ters, 1881) N
ras, PR, Brazil
Camarapi River,
Panagqolus sp. Portel, PA, 52908 Simple 24m +18sm + 10st/a Ayres-Alves et al. (2017)
Brazil
tankei Cramer &  Xingu River, A A
Sousa, 2016 Brazil 520 104 Simple  6m +38sm + 8st Ferreira et al. (2021)
armbrusteri Xingu River,
Panaque Lujan, Hidalgo & Altamira, PA, 52908 Simple 26m + 20sm + 6st/a Ayres-Alves et al. (2017)
Stewart, 2010 Brazil
Gorgulho da
armbrusteri Rita, Altamira, 52Q08 Simple 26m + 20sm + 6st/a Ayres-Alves et al. (2017)
PA, Brazil
Araguaia River,
cf. nigrolineatus  Barra do Gargas, 52908 imple m + 20sm + 6st/a Artoni, Bertollo 1
f. nigrolii do Garg: Simple 26 20. 6st/ i 1lo (2001)
MT, Brazil
cavatica Arm-
Peckoltia bruster & Wer- PA, Brazil 52908 Simple 38m/sm + 14st Pety et al. (2018)
neke, 2005
'1’;”215‘)51”"“ (HollY, s prazil 5200 Simple  28m/sm + 24st Pety et al. (2018)
oligospila (Glin- . Mul-
ther, 1864) PA, Brazil 5298 tiple 38m/sm + 14st Pety et al. (2018)
sabaji Arm- . Mul-
bruster, 2003 PA, Brazil 5298 tiple 38m/sm + 14st Pety et al. (2018)
Jari River, L
sp.1Jaririver  Monte Dourado, 03°18'14.9'N  52°03'29.3"W sp0g 10z Mul- 44m/sm o 6st+2a Souza et al. (2009)
4 tiple + 1B
PA, Brazil
Jari River,
sp. 2 Jari river Monte Dourado, 03°18'14.9"N  52°03'29.3"W 52006 102 32m/sm + 18st + 2a Souza et al. (2009)
PA, Brazil
sp.3jaruma ADAWDAPA ey g5 gges1asow 5200 Simple  46m/sm + 6t Silva et al. (2021)
. Abaetuba, PA, onm " omit . Mul- .
sp. 4 Caripetuba Brazil 1°37'23.5"S 48°55'33.0"W 52040 tiple 40m/sm + 12st Silva et al. (2021)
q : Xingu River,
vittata (Stein- . ; o1 o1 g1 01 " . 16m + 20sm + 14st
dachner, 1881) gltamlra, PA, 03°12'4"N 52°12'41.7"W 5205 102  Simple +2a Souza et al. (2009)
razil
vittata PA, Brazil 52938 Simple 32m/sm + 18st + 2a Pety et al. (2018)
. leopardus (Fowl-  Xingu River, Xingu - Ama- q q
Pseudacanthicus er, 1914) Brazil i 52Q48 104  Simple 18m + 34sm Santos da Silva et al. (2022b)
Xingu River, Xingu - Ama- q q
sp. Brazil T 5205 104 Simple 18m + 34sm Santos da Silva et al. (2022b)
spinosus (Castel- Tocantins River, Tocantins- . .
nau, 1855) Tl Araguaia 52908 104 Simple 18m + 34sm Santos da Silva et al. (2022b)
- Preto River. A
5 ambrosettii 8 g q 16m + 24sm + 8st Artoni et al. (1999b). Report-
Blepyzopliching (Holmberg, 1893) erasso}andla, 5290 Simple +4a ed as Liposarcus anisitsi
SP, Brazil
Tieté River,
ambrosettii Botucatu, SP, 52Q08 Simple 28m+ 324831“ + 8st :ivfis s;gi;;zso,?,?i)s'i?;pomd
Brazil P

N
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TABLE 1 | (Continued)

Subfamily/

Genus

Scobinancistrus

Transancistrus

Delturinae

Hemipsilichthys

Rhinelepinae

Pogonopoma

Rhinelepis

ambrosettii

ambrosettii

ambrosettii
chrysostiktos

(Birindelli, Zana-
ta & Lima, 2007)

gibbiceps (Kner,
1854)

Jjoselimaianus
(Weber, 1991)

multiradiatus
(Hancock, 1828)

multiradiatus

pardalis (Castel-
nau, 1855)

pardalis

pardalis

pardalis

aureatus Burgess,
1994

aureatus

aureatus

aureatus

pariolispos
Isbriicker & Nijs-
sen, 1989

pariolispos

pariolispos

santarosensis
(Tan & Arm-
bruster, 2012)

sp.
. sp.
wertheimeri

(Steindachner,
1867)

aspera Spix &
Agassiz, 1829

aspera

aspera

Miranda River,
MS, Brazil

Agua Boa
stream, Brazil

Parand River,
Guaira, PR,
Brazil

Orinoco River,
Venezuela

Quatro Bocas
Lake, Ara-
guaiana, MT,
Brazil
Orinoco River,
Venezuela

Orinoco River,
Venezuela

Porto dos Mila-
gres, Amazonas
River, Santarém,
PA, Brazil
Arapixuna, Am-
azonas River,
Santarém, PA,
Brazil

Grande Lake,
Amazonas Riv-
er, Santarém,
PA, Brazil
Pacoval Lake,
Amazonas Riv-
er, Santarém,
PA, Brazil
Xingu River,
Brazil

Xingu River,
Brazil

Xingu River,
Belo Monte hy-
droeletric plant,
Brazil

Xingu River,
Gorgulho da
Rita, Brazil

Xingu River,
Brazil

Xingu River,
Brazil

Xingu River,
Belo Monte hy-
droeletric plant,
Brazil

Rio Dos Bocas,
Rio Palenque,
Ecuador

Paraitinga
River, Brazil
Paraitinga
River, Brazil
Patos River,
Lapa, PR, Brazil

Mucuri River,
Taquarinha, BA,
Brazil

Paranad River,
Guaira, PR,
Brazil

Parand River,
Porto Rico, PR,
Brazil

Parand River,
Santa Helena,
PR, Brazil

23°50'16.7"S

15°23'20.1"S

3°06'12.8"S

3°20'06.2"S

3°06'12.8"S

22°52'22.5"S

22°52'22.5"S

54°20'55.5"W

51°42'45.9"W

51°43'53.9"W

52°10'32.9"W

51°43'53.9"W

44°51'00.4"W

44°51'00.4"W

Xingu-
Amazon
Xingu-
Amazon

Xingu-
Amazon
Xingu-
Amazon

Paraiba do
Sul
Paraiba do
Sul

5200

52040

5200

52040

5200

52040

5200

52048

5200

52040

52048

52008

5200

5200

5200

52Q08

5200

5200

5200

5400

9690
9690

5400

5400

5400

5400

54048

100

120

120

Ag-
NOR
-188

Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple

Simple

Mul-
tiple

Simple

Mul-
tiple

Simple

Simple

Simple

8m + 14sm + 14st
+16a

14m + 26sm + 8st
+4a

16m + 24sm + 8st
+4a

22m + 20sm + 10st

20m + 24sm + 8st

28m + 16sm + 8st/a

22m + 18sm + 12st

22m + 18sm + 12st

18m + 18sm + 8st
+8a

18m + 18sm + 8st
+8a

18m + 18sm + 8st
+8a

18m + 18sm + 8st
+8a

22m + 20sm + 10st

22m + 20sm + 10st

24m + 18sm + 10st

24m + 18sm + 10st

24m + 18sm + 10st

24m + 18sm + 10st
22m + 20sm + 10st

25m + 27sm + 2a Q,

ZZ|]IW
26m + 26sm + 2a & /

16m + 8sm + 72a
16m + 8sm + 72a

20m + 30sm + 4st

20m + 30sm + 4st
20m + 26sm + 8st
24m + 18sm + 12st

20m + 26sm + 8st

Reference/

Observation

Alves et al. (2006). Reported
as Liposarcus anisitsi
Fernandes et al. (2015). Re-
ported as Pterygoplichthys
anisitsi

Bueno et al., 2018
Anjos et al. (2020). Reported

as Hypostomus chrysostiktos

Alves et al. (2006). Reported
as Glyptoperichthys gib-
biceps

Oliveira et al. (2006)

Alves et al. (2006). Reported
as Liposarcus multiradiatus
Alves et al. (2012a). Re-
ported as Liposarcus mul-
tiradiatus

Guimaraes et al. (2023)

Guimardes et al. (2023)

Guimaraes et al. (2023)

Guimardes et al. (2023)

Cardoso et al. (2013)

Ayres-Alves et al. (2017)

Almeida et al. (2023)

Almeida et al. (2023)

Cardoso et al. (2013)

Ayres-Alves et al. (2017)

Almeida et al. (2023)

Tursellino et al. (2023)

Kavalco et al. (2004). Re-
ported as Upsilodus sp.

Kavalco et al. (2005)

Alves et al. (2005)

Artoni, Bertollo (2001)

Artoni, Bertollo (2001). Re-
ported as Rhinelepis aspera

Endo et al. (2012)

Bueno et al. (2018)
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DISCUSSION

The origin of the chromosomal diversity of Loricariidae is attributed to both ecological
and molecular factors. Small and isolated populations, in addition to the low vagility,
are the main ecological characteristics that have allowed the fixation of chromosomal
rearrangements in Loricariidae, as suggested for Farlowella (Marajé et al., 2018), Harttia
(Sassi et al., 2023), and Rineloricaria (Rosa et al., 2012). The diploid number 2n = 54
is often considered the ancestral diploid number for the family, since it is observed
in most Loricariidae subfamilies and present in other Siluriformes (Artoni, Bertollo,
2001). However, there is no consensus on the matter particularly considering the new
karyotypic description of basal taxa within subfamilies. Takagui e al. (2020) in a review
of Loricariinae karyotypes argue that although predominant, 2n = 54 should not be
considered the basal diploid number for the family because multiple divergences in the
microstructure of karyotypes within the same 2n are recurrently seen throughout the
family. Notably, the 2n range in Loricarioidei suggest that other numbers rather than
2n = 54 can be considered the plesiomorphic ones, as Astroblepidae presents 2n = 52-54,
Scoloplacidae 2n = 50, Callichthyidae 2n = 40-134, and Trichomycteridae 2n = 32-62
(reviewed by Conde-Saldafia ef al., 2018). Beyond that, the Diplomystidae (Siluroidei)
presents 2n = 56 chromosomes (Campos ef al., 1997; Oliveira, Gosztonyi, 2000), which
might also suggest that as the ancestral 2n.

We plotted the 2n range per subfamily into the main molecular phylogenetic
reconstructions of Loricariidae (Fig. 3) and 2n = 54 is the most widespread, being
conserved in Rhinelepinae and present in all other subfamilies. Regardless matter
whether 2n = 54 or 2n = 56 is the ancestral diploid number, it is noteworthy that
chromosomal evolution in Loricariidae is complex. Considering the lower number of
karyotyped species when compared to the valid richness, 234 spp. with cytogenetic data
against 1,051 valid species (Fricke er al., 2023), it is difficult to establish the evolutionary
pathways that led to the observed variability. Notably, while the stability is restricted
to 2n in some genera, with high divergence in karyotype structure, as the 2n = 58
in Farlowella, 2n = 54 in Corumbataia, and 2n = 52 in Pterygoplichthys, stable 2n and
karyotype is also observed, as the 2n = 52 (26m+20sm+6st/a) in two species of Panaque.
Our compilation reveals that processes of ascending and descending dysploidy (i.c.,
the increase or decrease of 2n while preserving the genomic content) were frequent
in most subfamilies but Rhinelepinae, which may exhibit the constant 2n = 54 as a
symplesiomorphic trait.

Despite the 2n conservation in Rhinelepinae, variations in the karyotype structure
are observed within and between species. Populations of Rhinelepis aspera Spix &
Agassiz, 1829 from the same river differ in the karyotype formula (Artoni, Bertollo,
2001; Endo ef al., 2012), suggesting that pericentric inversions played an important
role in the chromosomal evolution of the species. Such mechanism is not restricted to
Rhinelepinae but also observed in other loricariids, such as Ancistrus (Mariotto et al.,
2009), Loricariichthys (Takagui et al., 2014), and Rineloricaria (Rosa et al., 2012; Primo
et al., 2018). In addition, the multiple Ag-NOR observed in Pogonopoma wertheimeri
(Steindachner, 1867) (Artoni, Bertollo, 2001) when compared to the simple distribution
in other Rhinelepinae species suggest that other mechanisms are also important for the
chromosomal evolution in the group. Notably, numeric and structural polymorphisms
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FIGURE 3 | Phylogenetic relationships of Loricariidae with cytogenetic data herein compiled in red.
Molecular phylogenies modified from: A. Roxo et al. (2014); B. Lujan et al. (2015); C. Pereira, Reis (2017);
D. Roxo et al. (2019).

are frequently observed in loricariids, for example in the multiple karyomorphs of
Rineloricaria pentamaculata Langeani & de Araujo, 1994 (Glugoski er al., 2023), and
the presence of B chromosomes in Harttia longipinna Langeani, Oyakawa & Montoya-
Burgos, 2001 (Blanco ef al., 2012). This chromosomal diversity was probably generated
by a combination of rearrangements that include Robertsonian fusions and fissions,
paracentric and pericentric inversions, and translocations (Artoni, Bertollo, 2001;
Kavalco et al., 2004; Ziemniczak et al., 2012).

Although rare in most fish species, being observed in only about 5% of Teleostei
species (Arai, 2011; Sember ef al., 2021), our compilation shows that Loricariidae species
carry seven out of the nine known sex chromosome systems observed among fishes.
Ancistrus was demonstrated to harbor the largest diversity of sex chromosomes with six
of the seven recognized systems for the family distributed in 18 species, corresponding
to about 23% of the valid species (Neuhaus e al., 2023). The simple XX/XY was the
most predominant in the genus, recorded in A. maximus de Oliveira, Zuanon, Zawadzki
& Rapp Py-Daniel, 2015 (Oliveira ef al., 2010; Favarato ef al., 2016), Ancistrus cf. dubius
(Mariotto et al., 2011), Ancistrus sp. 1 Quianduba River (Silva er al., 2022, 2023), Ancistrus
sp. 1 Maracapucti River (Santos da Silva et al., 2023), Ancistrus sp. 1 Ilha do Capim (Santos
da Silva er al., 2023), Ancistrus sp. Catalio (Favarato et al., 2016), Ancistrus sp. L2 (Prizon
et al., 2017), Ancistrus sp. L3 (Prizon et al., 2017), and Ancistrus sp. Purus (Oliveira ef al.,
2010; Favarato ef al., 2016). Additionally, two multiple sex chromosome systems that
were not observed in any other Loricariidae are recorded in Ancistrus: ZZ/ZW W, in
A. clementinae Rendahl, 1937 (Nirchio et al., 2023), and 2,2, 2.7, /7. 7Z,W W, (Oliveira
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et al., 2008; Favarato ef al., 2016). On other hand, Harttia harbor the highest number of
multiple sex chromosome systems when compared to the number of valid species, with
six occurrences representing about 25% of valid species (compiled in Sassi ef al., 2021):
XX/XY Y, in H. carvalhoi Miranda Ribeiro, 1939, H. intermontana Oliveira & Oyakawa,
2019, and Harttia sp. 1 (Centofante et al., 2006; Deon et al., 2020); X X, X, X /X X,Y in
H. duriventris Rapp Py-Daniel & Oliveira, 2001, H. punctata Rapp Py-Daniel & Oliveira,
2001, and H. villasboas Oyakawa, Fichberg & Rapp Py-Daniel, 2018 (Blanco e al.,
2014; Sassi et al., 2020), in addition to putative simple XX/XY in H. rondoni Oyakawa,
Fichberg & Rapp Py-Daniel, 2018 and H. torrenticola Oyakawa, 1993 (Deon et al., 2020;
Sassi ef al., 2020). The Loricariidae diversity of sex chromosomes was originated by
rearrangements that include translocations (Blanco et al., 2014), centric fissions (Sassi e
al., 2023); centric fusions (Centofante ef al., 2006), and pericentric inversions (Artoni
et al., 1998), including the combination of distinct rearrangements especially in the
origin of multiple sex chromosome systems (Oliveira ef al., 2008; Deon et al., 2022). Sex
chromosomes in Loricariidae seems to have independent origins, but further research
is required to explore the genomic content of those sex chromosomes and its origin.
Indeed, there is a recognized lack of information regarding the effects of environmental
cues and molecular/gene mechanisms in sex determination of Neotropical fishes
(Fernandino, Hattori, 2019).

Most Loricariidae species present a single 18S rDNA/Ag-NOR site, which is also
considered a plesiomorphic character in the group (Artoni, Bertollo, 2001; Kavalco e
al., 2004), and the standard distribution in most vertebrates (Sochorova et al., 2018).
Notably, such region in loricariids is involved in several chromosomal rearrangements,
including the origin and differentiation of sex chromosomes, being considered
evolutionary breakpoint regions in Ancistrus, Harttia, and Rineloricaria (Glugoski et al.,
2018; Deon ef al., 2022). Size heteromorphism in the Ag-NOR site is also common,
probably because of unequal crossing-over between homologs (Takagui et al., 2020).
According to our review, some genus conserved the simple Ag-NOR locus in all
analyzed species to date (here included only those genera with more than one species
karyotyped), namely as Baryancistrus, Corumbataia, Farlowella, Harttia, Hisonotus,
Lasiancistrus, Loricaria, Loricariichthys, Neoplecostomus, Panaqolus, Panaque, Pareiorhina,
Pseudacanthicus, Pterygoplichthys, and Scobinancistrus. On other hand, the multiple
distribution of Ag-NOR seems to be conserved only in Hypancistrus, while other genus
as Ancistrus, Hypostomus, and Rineloricaria present both simple and multiple distributions
on chromosomes.

Although distributed throughout the Neotropical region, there is a predominance
of cytogenetic studies in Loricariidae species from Brazil (Fig. 2). Few studies were
conducted in other countries that includes Argentina, Ecuador, Paraguay, and Venezuela.
Notably, those in Argentina and Paraguay were mostly restricted to the frontier
region with Brazil. When accounting the Brazilian territory, is also notable that some
regions are poorly represented in cytogenetic studies, especially the northeast in which
at least nine states have not been included in the cytogenetic samplings. In addition,
the Guianas Shield and Western Amazon regions are largely recognized as neglected
regions in biogeographical and evolutionary studies (Cassemiro e al., 2023), also with
little or absent cytogenetic information for Loricariidae. Despite the regional sampling
gap problem, Loricariidae diversity is still insufficiently represented by cytogenetic
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studies. Our compilation recorded 234 species assessed by cytogenetic studies, that
in comparison to the 1,051 valid species (Fricke er al., 2023), represents 22.26% of
the family species richness. The diversity of genus assessed by cytogenetic studies
was the highest in Hypoptopomatinae (42.1%), followed by Rhinelepinae (28.5%),
Hypostominae (27.2%), Loricariinae (24.4%), Delcurinae (20%), and Lithogeninae
(0%). Besides Lithogeninae that do not have any species karyotyped to date, the
subfamily Delturinae has only one genus and two unidentified species karyotyped:
Hemipsilichthys sp. Paraitinga River (Kavalco et al., 2004, 2005), and Hemipsilichthys n.
sp. Patos River (Alves ef al., 2005). We suggest that further cytogenetic studies focus on
expand the sampling in the northeast Brazil, the Western Amazon, the Guianas Shield,
and other Neotropical countries, in addition to evaluate a more representative portion

of the diversity.
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Turnover of multiple sex
chromosomes in Harttia catfish
(Siluriformes, Loricariidae): a
glimpse from whole chromosome
painting
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Orlando Moreira Filho?, Luiz Antonio Carlos Bertollo?,
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Czech Academy of Sciences, Libéchov, Czechia, *Institut fir Humangenetik, Universitatsklinikum Jena,
Jena, Germany, “Museu de Zoologia, Universidade de Sdo Paulo, Séo Paulo, Brazil, *Departamento de
Biologia Estrutural, Molecular e Genética, Universidade Estadual de Ponta Grossa, Ponta Grossa, Brazil

The remarkable fish biodiversity encompasses also great sex chromosome
variability. Harttia catfish belong to Neotropical models for karyotype and sex
chromosome research. Some species possess one of the three male-
heterogametic sex chromosome systems, XY, XiXoY or XYi1Y,, while other
members of the genus have yet uncharacterized modes of sex determination.
Particularly the XYY, multiple sex chromosome system shows a relatively low
incidence among vertebrates, and it has not been yet thoroughly investigated.
Previous research suggested two independent X-autosome fusions in Harttia
which led to the emergence of XY;Y, sex chromosome system in three of its
species. In this study, we investigated evolutionary trajectories of synteny blocks
involved in this XYY, system by probing six Harttia species with whole
chromosome painting (WCP) probes derived from the X (HCA-X) and the
chromosome 9 (HCA-9) of H. carvalhoi. We found that both painting probes
hybridize to two distinct chromosome pairs in Amazonian species, whereas the
HCA-9 probe paints three chromosome pairs in H. guianensis, endemic to
Guyanese drainages. These findings demonstrate distinct evolutionary fates of
mapped synteny blocks and thereby elevated karyotype dynamics in Harttia
among the three evolutionary clades.

KEYWORDS

microdissection, WCP, chromosomal rearrangements, karyotype, evolution

1 Introduction

The Loricariidae family, which includes the Neotropical armored catfishes, is a
promising group for evolutionary studies. Slightly above 1,000 species are distributed
among 115 genera and most of this diversity occurs in the subfamilies Hypostominae,
Hypoptopomatinae, and Loricariinae (Fricke et al., 2023). Loricariids have spread to almost
all freshwater environments during their evolutionary history, being thus especially valuable
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in the artisanal fishery and the ornamental fish trade (Novdk et al.,
2022). Despite their great diversity in morphology, ecology, and
habitats, Loricariidae is recovered as a monophyletic group in both
morphological and molecular phylogenetic reconstructions, though
the relationships between the tribes and genera have not been fully
resolved so far (Covain et al., 2016; Londofio-Burbano and Reis,
2021). In this context, cytogenetic research provides important
landmarks for solving issues related to taxonomy, phylogeny, and
biodiversity in loricariids (e.g., Rocha-Reis et al., 2018; Glugoski
et al.,, 2020; Takagui et al., 2020; Takagui et al., 2023; de Paula et al.,
2022) as well as in other teleosts (Bellafronte et al., 2005; Cioffi et al.,
2018; Gavazzoni et al, 2023). Moreover, particularly in the
Neotropical region, with the richest freshwater biodiversity on
the planet (Albert et al, 2020), cytogenetic investigation has
abundant opportunities to deeply scrutinize the relationship
between karyotype and sex chromosome evolution and
reproductive isolation/diversification (Cioffi et al, 2017; Cioffi
et al., 2018; de Souza et al., 2022).

Armored catfishes exhibit a wide variation in diploid
chromosome numbers, ranging from 2n = 34 in Rineloricaria
latirostris (Giuliano-Caetano, 1998) to 2n = 96 in Hemipsilichthys
gobio (published as Upsilodus sp. in Kavalco et al,, 2005). Some
reports also documented population polymorphisms in the
karyotype organization and repetitive DNA distribution, and the
presence of B and sex chromosomes, the latter in different stages of
differentiation (Scavone and Julio, 1994; Centofante et al., 2006;
Rosa et al,, 2012; Porto et al., 2014; Glugoski et al., 2018; Marajo
et al,, 2023). While the plesiomorphic 2n for loricariids has been
supposed to be 2n = 54 (Artoni and Bertollo, 2001), this issue is still
under intense debate, particularly considering the karyotypic
features of species from the early-diverging clades (Takagui et al.,
20205 Sassi et al., 2021).

Teleost fishes are well known for remarkable diversity of sex
determination mechanisms (Devlin and Nagahama, 2002; Godwin
and Roberts, 2018; Shen and Wang, 2018; Guiguen et al, 2019;
Schartl et al., 2023). To date, more than 500 species have been found
to carry one of nine so far known sex chromosome systems (El Taher
et al,, 2021; Sember et al., 2021), five of which are so-called multiple sex
chromosome systems as they involve more than two chromosomes.
Among 81 currently known cases of teleost multiple sex chromosomes
(Deon et al., 2020; Sember et al., 2021; Ferchaud et al., 2022; de Aradjo
et al, 2023; Marajo et al., 2023; Nirchio et al,, 2023), only nine are of the
XY, Y, type and evolved either via Y-fission or X-autosome fusion (Deon
et al., 2020; Sember et al., 2021), Intriguingly, three of these systems have
been found in Harttia spp., all from the Southeastern Brazilian drainages
(Centofante et al., 2006; Blanco et al., 2013; Deon et al., 2020).

The genus Harttia (Loricariidae, Loricariinae) currently harbors
28 valid species (Oyakawa et al., 2018; Caldas et al., 2022; Fricke
et al,, 2023) as well as three other predicted species based on the
cytogenetic data (Sassi et al., 2021). Harttia catfish are organized into
three phylogenetic clades grouping representatives from Guyanese,
Amazonian, and Southeastern Brazilian drainages (Covain et al.,
2016). Harttia spp. are excellent models for studying interplay
between chromosomal and species diversity in Neotropical fishes
as they underwent extensive karyotype repatterning. Their 2n varies
from 2n = 52/53 in H. carvalhoi (Centofante et al., 2006) to 2n =
62 in H. absaberi and Harttia sp. 2 (Rodrigues, 2010; Deon et al.,
2020) and at least three distinct sex chromosome systems have been
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described in some species: an XX/XY sex chromosome system in H.
rondoni (Sassi et al., 2020), and the two following multiple sex
chromosome systems: X;X;X,X,/X;X,Y in H. duriventris, H.
punctata, and H. villasboas (Blanco et al., 2013; Sassi et al,
2020), and XX/XY,Y, in H. carvalhoi, H. intermontana and
Harttia sp. 1 (Centofante et al., 2006; Deon et al., 2020). Studies
using whole chromosome painting (WCP) probes have recently
demonstrated that both the XY and X;X,Y sex chromosome systems
are homologous, while the XY;Y, system is formed by different
linkage groups and thus has evolved independently (Deon et al.,
2022a; b). Intriguingly, the three XY, Y,-bearing species share the
ancestral sex chromosomes but differ by autosomal additions. While
H. carvalhoi and Harttia sp. 1 entirely share the identity of XY;Y,
chromosomes, the same system in H. intermontana involves linkage
group corresponding to chromosome 9 in H. carvalhoi, which
implies two independent X-autosome fusions behind the origin
of known Harttia XY,Y, sex chromosomes (Deon et al., 2022a).

Here, we investigate six Harttia species from the Guyanese (H.
guianensis) and Amazonian (H. villasboas, H. duriventris, H.
rondoni, Harttia sp., and H. dissidens) clades using cross-species
(i.e,, Zoo-FISH) WCP experiments to examine the trajectory of
karyotype and sex chromosome evolution. For this, we used the
probes derived from the largest chromosomes (pairs X and 9) of H.
carvalhoi (2n = 52/53 XY, Y,), bearing in mind that chromosome 9 is
involved in the XY;Y, sex chromosome system of H. intermontana.
The results allowed us to demonstrate distinct evolutionary fates of
mapped synteny blocks and thereby elevated karyotype dynamics in
Harttia.

2 Materials and methods
2.1 Sampling and chromosome preparation

Individuals belonging to seven species (including H. carvalhoi
used solely for the WCP probes preparation) were collected in
distinct locations in Amazonas and Tocantins-Araguaia River
basins (Figure 1; Table 1), with the approval of the Brazilian
environmental agencies ICMBIO/SISBIO (License 48628-14) and
SISGEN (A96FF09). We used cells from the posterior kidney and
spleen tissue to obtain metaphase chromosomes by the classical air-
drying technique (Bertollo et al., 2015). The specimens were
deposited in the fish collection of the Instituto Nacional de
Pesquisa da Amazonia (INPA) and the Museu de Zoologia da
Universidade de Sio Paulo (MZUSP) as indicated in Table 1.
The anesthesia and ethical practices used during the procedures
were previously approved by the Ethics Committee on Animal
Experimentation of the Universidade Federal de Sio Carlos
(Process number CEUA 1853260315).

2.2 Microdissection and preparation of
hybridization probes

We selected the largest metacentric (X) and the largest
submetacentric (No. 9) chromosomes of H. carvalhoi since both
chromosomes are involved in the two variant forms of the XYY,
system in Harttia species (Deon et al., 2022b). Glass-needle-based
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FIGURE 1

Distribution map of Harttia species with available cytogenetic data, highlighting the six species studied herein: 1 — H. dissidens, 2 — H. duriventris,

3 — H. guianensis, 4 — H. rondoni, 5 — H. villasboas, 6 — Harttia sp. 3. The red circle indicates the collection site of H. carvalholi, a species used to construct
WCP probes, while the black circles correspond to the distribution of other Harttia species which were not included in the present investigation. Major
Brazilian hydrographic basins are highlighted: Amazonas in green, Tocantins-Araguaia in purple, Parana in red, Sdo Francisco in yellow, and
Atlantico-Sudeste in blue. The map was created in QGIS 3.20 using Natural Earth package.

TABLE 1 Harttia species, collection sites, diploid chromosome numbers and sex chromosomes, sampling, and voucher numbers.

Species Locality 2n N Voucher
1 - Harttia dissidens Rurdpolis - PA 4°5°37.8”S 55°0°30.2”W 5428 072, 258 INPA-ICT 059577
2 - H. duriventris Canad dos Carajés — PA 6°30°06.5”S 50702’35.5"W 562, 558 (X;X,Y) 082, 078 MZUSP 126598
3 - H. guianensis Alenquer - PA 1729°02.2”S 54°50°31.2”W 5828 062, 108 INPA-ICT 059584
4 - H. rondoni Altamira - PA 8°38'53”S 55°01’41"W 5424 (XY) 159, 148 MZUSP 127606
5 - H. villasboas Altamira — PA 8°44°09”S 54°57°46”W 56%, 558 (X;X,Y) 349, 388 MZUSP 126599
6 - Harttia sp. 3 Altamira - PA 08°39°20.7”S 55°09°24.1”W 5498 112, 158 MZUSP 127605

microdissection was used to isolate 15 copies of each target
chromosome under an inverted microscope (Zeiss Axiovert 135).
The obtained DNA was degenerate
oligonucleotide-primed polymerase chain reaction (DOP-PCR)
following Yang et al. (2009). The probes were labeled with
Spectrum Green-dUTP and Spectrum Orange-dUTP (Vysis,
Downers Grove, United States), in a secondary DOP-PCR
reaction using 1 uL of the first amplification as template (Yang
and Graphodatsky, 2009).

amplified using a
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2.3 Whole chromosome painting (WCP)

Chromosome preparations were aged at 60 °C for 1h, then
treated with RNAse solution [1.5puL RNase A (10 mg/mL) in
1.5 mL 2xSSC] for 1h 30min. Next, chromosomes were treated
with 0.005% (v/v) pepsin solution [99 uL H,O, 10 uL 1M HCI, and
2.5uL pepsin (20 mg/mL)]. Slides were denatured in 70%
formamide in 2x SSC at 72°C for 3 min. The probe mix per
each slide contained 200 ng of each painting probe and 20 ug of
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Whole chromosome painting with HCA-X (green) and HCA-9 (red) probes on the male chromosomes of six Harttia species. Sex chromosomes are
indicated if present and detectable in the given species (first line). Scale Bar = 10 ym

blocking DNA which was obtained by DOP-PCR from H. carvalhoi
genome and used as a blocker to highly and moderated repeated
sequences (Yang et al., 2009). The final probe mixture was dissolved
in the hybridization buffer containing 50% formamide, 2x SSC and
10% dextran sulfate, then denatured for 10 min at 86°C, cooled at
4°C for 2 min, and pre-annealed for 40 min at 37°C before being
applied onto denatured chromosome slides. Hybridization took
place in a dark moist chamber at 37°C for 72 h, followed by a
series of post-hybridization washes in 1x SSC, 4x SSC/Tween, and
1x PBS solutions (for details, see Sassi et al., 2023). Chromosomes
were finally counterstained with 4°, 6-diamidino-2-phenylindole
(DAPI) 0.2 ug/mL in Vectashield mounting medium (Vector,
California, United States).

2.4 Microscopic analyses and image
processing

At least 30 metaphase spreads per individual were evaluated to
confirm the WCP results. Metaphases were captured in an Axioplan
II microscope (Carl Zeiss Jena GmbH, Germany) fluorescence
microscope using the ISIS software (MetaSystems, Silver spring,
MD, USA).

3 Results

Both HCA-X and HCA-9 probes hybridized to the
chromosomes of all analyzed species (Figure 2). Each probe
completely painted from end to end two distinct chromosome
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pairs (one metacentric and one submetacentric in both cases) in
H. villasboas, H. duriventris, H. rondoni, and Harttia sp. 3. In
addition to those pairs, H. guianensis also demonstrated a small
metacentric pair probed with HCA-9 (Figure 2). In H. rondoni,
additional HCA-X signals were found in pericentromeric regions of
XY sex chromosomes, probably due to shared ribosomal DNA
(rDNA) content which has been amplified on sex chromosomes
in this species. Finally, in H. dissidens, the HCA-9 probe stained
entirely one submetacentric pair but further only long arms of one
metacentric pair, while the HCA-X probe revealed the same patterns
as for the majority of studied species, with a metacentric and a
submetacentric pair being stained. In this species, repetitive DNA
sequences contained in both painting probes form distinct clusters,
additional
chromosomes. An ideogram compiling the present WCP results

revealed as hybridization signals on several

is provided in Figure 3.

4 Discussion

In the present study, we mapped two WCP probes prepared
from H. carvalhoi chromosomes, where the chromosomes X and
9 were involved in rearrangements leading to emergence of the
XYY, sex chromosome system which is present in three Harttia
species (Deon et al., 2022a). Both probes painted mostly entire
chromosomes, thus pointing to preserved synteny blocks. The
probes hybridized only to chromosomes without detectable sex-
specific differences in size and shape (and therefore do not
represent differentiated sex chromosomes) in species from the
Amazonian and Guyanese clades (Figures 2, 3). These findings
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corroborate the view of independent events behind X;X,Y and
XYY, origin in Harttia (Deon et al., 2022a; b). We also show that
chromosome 9 of H. carvalhoi, which has been fused to X
chromosome in H. intermontana, is not involved in any other
known sex chromosome system in Harttia, however, its
propensity to fuse with other chromosomes has been recorded
in H. dissidens.

The ancestral karyotype of Harttia is thought to be 2n = 58,
with poorly differentiated or absent sex chromosomes (Blanco
etal., 2017; Sassi et al., 2021). Until now, four species — H. gracilis,
H. guianensis, H. kronei, H. longipinna-from the three
phylogenetic clades are known to share these karyotype
addition, H. exhibits
58 chromosomes in females, but 57 in males due to the

characteristics.  In punctata
presence of X;X,Y sex chromosome system. Except for H.
guianensis, which possesses three chromosome pairs labeled
with the HCA-9 probe, all remaining five examined species,
including H. punctata (Deon et al., 2022b), share the pattern
of two distinct chromosome pairs being painted either with
HCA-X or HCA-9 probe. Based on this evidence, it is possible
to infer that the chromosome number reduction from the
probable ancestral 2n = 58 to 2n = 56 in H. loricariformis, H.
villasboas, and H. duriventris, and to 2n = 54 in H. rondoni and
Harttia sp. 3 was achieved by chromosome fusions which did not
involve the herein mapped chromosomes. On the other hand, in
H. dissidens (2n = 5493, Figure 2) the HCA-9 probe mapped to a
submetacentric pair and the short arms of a metacentric pair,
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thus indicating that a fusion event involving the chromosome 9 of
H. carvalhoi was responsible for its 2n reduction in relation to the
ancestral karyotype. In support of this hypothesis, H. guianensis
(2n = 58) also possesses more acrocentric chromosomes - five
pairs — than the other species with lower 2n (Blanco et al., 2017;
Deon et al., 2020; Sassi et al., 2020; Sassi et al., 2021). While the
trajectory via centric fusions of acrocentric chromosomes seems
highly probable, based on the available data we cannot entirely
rule out also the possible involvement of biarmed (metacentric
and submetacentric) chromosomes in the (specifically end-to-
end/tandem) fusion events (cf. Schubert and Lysak, 2011) in the
evolutionary history of Harttia.

It is notable that the patterns of hybridization in the Zoo-FISH
experiments follows a biogeographical pattern, with H. guianensis
(distributed in Guyanese drainages) showing three chromosomal
pairs labeled with HCA-9, while the species from Amazonian and
Tocantins-Araguaia River basins share the pattern of two chromosomal
pairs being stained with the same particular WCP probe. Indeed, species
from the Amazonian and Tocantins-Araguaia River basins exhibit
more similar cytogenetic features when compared to H. guianensis,
the only species from the Guyanese drainages karyotyped to date
(discussed also in Sassi et al, 2021). Based on the cytogenetic and
phylogenetic data from nuclear and mitochondrial DNA (Covain et al.,,
2016), it is possible to suggest that species from Guyanese drainages
carry the ancestral-like karyotype arrangement (Sassi et al.,, 2021). As H.
guianensis with the most diversified karyotype is the only species from
the left bank of the Amazon River, it is tempting to speculate about the
possible role of Amazon River as a barrier for gene flow. However, it is
difficult to address this issue in the light of the still growing list of
Harttia species which have been described within the last few years
(Oyakawa et al., 2018; Caldas et al.,, 2022), and the existence of at least
three karyotype forms proposed to represent new Harttia species (see
Deon et al., 2020; Sassi et al., 2021). Moreover, at least seven Harttia
species are known to occur in Guyanese drainages (Py-Daniel et al,
2001), but only H. guianensis has been investigated cytogenetically thus
far. It is also noteworthy that the phylogenetic patterns of Harttia
spp. are not well resolved, with the previously recognized monophyletic
status of the genus (Covain et al,, 2016) being questioned in a recent
study (Cherobim, 2022).

Both the X and Y chromosomes of H. rondoni exhibit a
positive HCA-X signal in the pericentromeric region of their long
arms. As our previous study showed that pericentromeric regions
of these chromosomes are enriched with tandem repeats of the
major rDNA gene cluster (Sassi et al., 2020), the observed signal
pattern might be attributed rather to shared repeat content
between the HCA-X probe and the X and Y chromosomes and
therefore does not represent homology of synteny blocks.
However, the chromosome X of H. carvalhoi does not carry
major rDNA site, neither do the chromosomes composing both
forms of the XY;Y, sex system of Harttia sp. 1 and H.
2017; 2020; 2022a).
Bearing also in mind that rDNA sites outside the homeologous

intermontana (Blanco et al., Deon et al,,
synteny blocks were not revealed in other herein studied species
by the painting probes, it is highly probable that other repeat class
interspersed with rDNA on the XY sex chromosomes of H. rondoni
is responsible for the observed signal pattern. Analogous situation
has been observed after application of HCA-X or HCA-9 probe in
other Harttia spp. (Deon et al, 2022b). Similarly, an unknown
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repeat sequence contained in both painting probes demonstrated
homology with certain regions on multiple chromosomes of H.
dissidens.

Sex chromosomes in Loricariidae are promising targets for
evolutionary research, since this family is the most diverse
among Neotropical fishes (Fricke et al., 2023) and exhibits a
wide range of sex chromosomes at distinct stages of
differentiation (reviewed in Sember et al., 2021). Taking
Harttia as an example, although inhabiting large Brazilian
rivers, such as Sdo Francisco, Parana and Araguaia (Caldas
et al., 2022), most species are found in riffle areas where they
form isolated subpopulations with restricted/absent gene flow.
This condition is being further pronounced by low vagility of
these fishes, favoring a faster fixation of chromosomal
rearrangements by genetic drift (Lande, 1977; King, 1993;
Araya-Jaime et al., 2017), and thus also faster species
divergence. Structuring into small, geographically isolated
also  facilitate sex chromosome

populations  may

differentiation and transition between sex chromosome
systems (e.g., Primo et al.,, 2017; Cioffi et al., 2018; Krysanov
& Demidova, 2018; Glugoski et al., 2020; Stundlovi et al., 2022;
Marajo et al., 2023) To answer the question whether indeed
genetic drift is a major force in sex chromosomes fixation in
Harttia and other fish lineages with similar eco-geographical
and demographic features and whether certain selective forces
and ecological factors (cf. Pennell et al., 2015; Veller et al.,
2017; Saunders et al., 2018; Meisel, 2022) might have played a
role in this process, we have to acquire much deeper knowledge
especially concerning genetic content and degree of sex
chromosome differentiation, presence/absence of sex
chromosomes in wide range of conspecific populations, and
their

phylogeny (cf. Sember et al., 2021). Particularly in Harttia,

phylogenetic distribution based on well-resolved
most of the phylogenetic reconstructions do not include all
valid species, neither those recognized by cytogenetic studies
(Covain et al.,, 2016; Roxo et al., 2019; Londono-Burbano and
Reis, 2021; Sassi et al., 2021; Cherobim, 2022). In this context,
given the collection efforts performed within the frame of the
recent cytogenetic studies, distinct evolutionary units were
identified in Harttia (Deon et al., 2020; Sassi et al., 2020)
and their valid to be
investigated.

recognition as species remains

In the present study, we provide another piece of evidence
strengthening the proposed view about 2n reduction in Harttia
by fusions and about independent evolution of Harttia multiple sex
chromosomes, with repeated origins involving different synteny
blocks among species. A thorough phylogenetic reconstruction
including all currently recognized representatives of Harttia is
urgently needed for achieving a complete picture of sex
chromosome evolution

and karyotype reshaping in this

noteworthy group of the Neotropical ichthyofauna.
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Homeology of sex chromosomes
iIn Amazonian Harttia armored
catfishes supports the X-fission
hypothesis for the X;X,Y sex
chromosome system origin

Francisco de Menezes Cavalcante Sassi’, Alexandr Sember?, Geize Aparecida Deon?,
Thomas Liehr®3", Niklas Padutsch?, Osvaldo Takeshi Oyakawa*, Marcelo Ricardo Vicari®,
Luiz Antonio Carlos Bertollo?, Orlando Moreira-Filho* & Marcelo de Bello Cioffi

The Neotropical monophyletic catfish genus Harttia represents an excellent model to study karyotype
and sex chromosome evolution in teleosts. Its species split into three phylogenetic clades distributed
along the Brazilian territory and they differ widely in karyotype traits, including the presence

of standard or multiple sex chromosome systems in some members. Here, we investigate the
chromosomal rearrangements and associated synteny blocks involved in the origin of a multiple X, X,Y
sex chromosome system present in three out of six sampled Amazonian-clade species. Using 55 and
18S ribosomal DNA fluorescence in situ hybridization and whole chromosome painting with probes
corresponding to X; and X, chromosomes of X;X,Y system from H. punctata, we confirm previous
assumptions that X, X,Y sex chromosome systems of H. punctata, H. duriventris and H. villasboas
represent the same linkage groups which also form the putative XY sex chromosomes of H. rondoni.
The shared homeology between X;X,Y sex chromosomes suggests they might have originated once in
the common ancestor of these closely related species. A joint arrangement of mapped H. punctata X,
and X, sex chromosomes in early diverging species of different Harttia clades suggests that the X;X,Y
sex chromosome system may have formed through an X chromosome fission rather than previously
proposed Y-autosome fusion.

Teleost fishes display an astounding variety of sex determination systems, involving genetic and environmental
mechanisms or a combination thereof!=. These mechanisms may largely differ among fish lineages and even
among populations of the same species*”. Particularly genetic sex determination is in fishes mainly governed by
one of the nine presently known sex chromosome systems which evolved independently multiple times in dif-
ferent lineages®™ and carry different sex-determining genes*!°. The majority of these systems show little genetic
differentiation®'!> and are therefore prone to frequent sex chromosome turnovers”!*-'. These properties make
teleost sex chromosomes a well-suited model for studying early phases of sex chromosome differentiation'®'’
and causes and consequences of sex chromosome turnovers (whereby the newly evolved system replaces the
former one)'>'®1% and the bearing of sex chromosome evolution to the establishment of reproductive barriers
between incipient species?*2.

The study of sex chromosomes has undergone a remarkable transformation in recent years as genome
sequencing, assembly and scaffolding techniques rapidly improved. Despite these advances, several unique bio-
logical features of sex chromosomes are still hardly tractable by computational tools, or their analysis requires
multiple integrated methodologies and/or large number of individuals to be analyzed'®?. Cytogenetics and
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particularly the use of whole chromosome painting (WCP) probes enables comparative study among mul-
tiple (closely) related species, and it can be narrowed down specifically to linkage group(s) representing sex
chromosomes®**. This approach enables to determine whether sex chromosomes originated independently from
different linkage groups or are formed by the same synteny blocks. The latter situation points either on a single
shared origin of sex chromosomes or repeated and independent co-option of the same synteny blocks for the
sex-determining role®-1°. The use of cytogenetics may also avoid misinterpretations related to accidental involve-
ment of sex-reversed individuals or the intra-specific variability in the sex-determining systems®**.

The Neotropical armored catfish genus Harttia (Siluriformes, Loricariidae, Loricariinae) presently harbors
28 valid species?®~% together with three Harttia spp. determined based on cytogenetic features but waiting for a
proper taxonomic description®. After Rineloricaria (reviewed in*), Harttia displays the second-largest variation
in diploid chromosome number (2n) among Loricariidae fishes, ranging from 2n=529/533 in H. carvalhoi*’, to
2n=629J in H. absaberi** and Harttia sp. 2°2. Furthermore, the following three male-heterogametic sex chromo-
some systems have been identified in a subset of surveyed species: XX/XY,Y, in H. carvalhoi, H. intermontana,
and Harttia sp. 1°**2%%; X X, X,X,/X,X,Y in H. duriventris, H. punctata, and H. villasboas***, and a putative XX/
XY in H. rondoni®*. Together with African Nothobranchius killifishes®, Harttia represents a genus with the highest
incidence of multiple sex chromosomes among teleosts to date®*2. It is therefore highly informative lineage for
investigating underlying evolutionary forces that drive transitions from standard sex chromosomes (or other
forms of sex determination) to multiple sex chromosome systems.

The most updated phylogeny of Loricariinae®’, though not including all valid species, recognized the mono-
phyly of Harttia, with the occurrence of three distinct evolutionary lineages: Clade I is composed of the species
from Guyanese shield, Clade II includes the species from the Amazonian and Tocantins-Araguaia river basins,
and Clade IIT harbors the species from the southern/southeastern Brazil. When complemented with a species
set from a former phylogenetic study?® it is clear that Harttia species with known sex chromosomes, though
nested within species lacking them based solely on a cytogenetic evidence, are grouped according to the type
of their sex chromosome systems: those with an X, X, X,X,/X,X,Y system or tentative XX/XY sex chromosomes
are placed in the clade II, and those with an XX/XY,Y, system in the clade ITI?%2,

In our former studies, we demonstrated by WCP probes used in cross-species experiments (Zoo-FISH)
that X,X,Y and XYY, sex chromosome systems represent different linkage groups and therefore evolved
independently**~*!. While we also revealed by the same method the full or partial homeology between XY,Y,
systems among the three Harttia spp.***!, similar information is lacking for XY and X;X,Y systems as yet.
Indirect evidence based on ribosomal DNA (rDNA) physical mapping and comparative genomic hybridization
(CGH) suggested that these systems might be potentially homeologous®. In this study, we aim to investigate the
mechanism(s) of origin and the relationships between the sex chromosome systems in Harttia species belonging
to the Amazonian clades I and II where three members are known to carry an X, X,Y sex chromosome system
and a single species possesses putative XY sex chromosomes. We therefore probed altogether six related Harttia
species with WCP probes derived from the X, and X, sex chromosomes of the X, X,Y system in H. punctata thus
complementing our former study*’. The analysis in the present study was complemented by mapping of rDNA
clusters as these usually locate on Harttia sex chromosomes®***>*2. Our data show homeology between X, X,Y sex
chromosome systems and also the putative XY sex chromosome system of H. rondoni. Among the two formerly
proposed hypotheses on X, X,Y sex chromosome origin i.e. the Y-autosome fusion®**** and X fission®*, our results
support the latter scenario.

Results

Cross-hybridization with HPU-X, and HPU-X, painting probes revealed full homeology between X,X,Y sex
chromosome systems of H. punctata (analyzed by us formerly*), H. duriventris and H. villasboas (Fig. 1a,c).
In H. duriventris and H. villasboas the HPU-X, probe entirely hybridized to X, chromosome and conversely,
HPU-X, probe painted X, chromosome when following the nomenclature by Sassi et al.>*. As the location of
sex-determining region has not been identified yet, the assignation of X, (ancestral) and X, (neo) sex chromo-
somes in different species was done arbitrarily in former studies****. Hence, to avoid confusion in designation
of demonstrably the same synteny blocks, we unified the nomenclature of sex chromosomes according to X, X,Y
system of H. punctata®*°.

The painting probes also labelled different portions of putative XY sex chromosome in H. rondoni (Fig. 1b)
whose identity was confirmed by 18S rDNA mapping (see below). While the HPU-X, probe painted the long (q)
arms of these supposed X and Y chromosomes, the HPU-X,, probe painted short (p) arms of them both. Remark-
ably, a (peri)centric region of both chromosomes was left unstained by these probes. For the species without
cytologically distinguishable sex chromosomes—H. dissidens H. guianensis, and Harttia sp. 3 (Fig. 1d-f) both
painting probes, again, hybridized to a single metacentric chromosome pair. In H. dissidens and H. guianensis the
hybridization pattern was the same as in H. rondoni (i.e. HPU-X, covered q-arms while HPU-X, stained p-arms
of the fifth and fourth chromosome pair in H. dissidens and H. guianensis, respectively; compare Fig. 1d,e with
Fig. 1b) but this time without the unstained region in (peri)centromeres. In Harttia sp. 3 (Fig. 1f) the painted
chromosome corresponded to the 18S rDNA-bearing chromosome pair 1, with the HPU-X, probe hybridizing
on its p-arms and the HPU-X,, probe on its g-arms (i.e. the opposite scenario to the one found in H. rondoni,
H. dissidens and H. guianensis). The (peri)centromeric region of this chromosome pair was left unstained by
the painting probes.

18S rDNA signals were placed in the pericentromeric regions of X, and Y chromosomes of H. villasboas and
H. duriventris (Supplementary Fig. 1). These clusters also occupied (peri)centromeric positions in putative XY
sex chromosomes in H. rondoni. Corroborating the previous study, 18S rDNA cluster showed size heteromor-
phism with the X-linked site being notably extended compared to the Y-linked one. 18S rDNA probe further
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Figure 1. Zoo-FISH with HPU-X, and HPU-X, painting probes in male (first and third column) and female
(second and fourth column) mitotic metaphases of Harttia duriventris (a), H. dissidens (d), H. rondoni (b), H.
guianensis (e) H. villasboas (c), and Harttia sp. 3 (f). Chromosomes bearing 5S (red) and 18S (green) rDNA
clusters as revealed after reprobing in the second FISH round are highlighted in boxes. The assignment of signals
to specific chromosome pairs was performed based on data in our previous studies?®*. Full metaphase images
are provided in Supplementary Fig. 1. Chromosomes were counterstained with DAPI (blue). Bar 10 pm.

co-localized with the painting probes only in Harttia sp. 3 where it revealed a site on both homologs positioned
on g-arms closely downstream of the centromere. Finally, in H. dissidens and H. guianensis, we observed a sin-
gle pair of 18S rDNA-bearing chromosomes (pair 24 and 25, respectively, according to Sassi et al.?®), with the
centromere-proximal signal on the q-arms. In H. guianensis, the 18S rDNA-bearing chromosome pair also bore
5S rDNA cluster at the terminal portion of g-arms. Second pair of 5S rDNA signals in this species was located
interstitially on the p-arms of metacentric chromosome pair 4. The same site was present also on chromosome
pair 4 with the same morphology in H. rondoni where no additional 55 rDNA signals were detected. H. villas-
boas, H. duriventris and Harttia sp. 3 exhibited a single chromosome pair (no. 15) bearing 5S rDNA arrays on
its p-arms. The same pattern but on chromosome pair 19 was found in H. dissidens.

All hybridization patterns are summarized in an ideogram (Fig. 2). Full metaphase images with rDNA hybrid-
ization patterns are provided in the Supplementary Fig. 1.

Discussion

We have shown herein by Zoo-FISH that Harttia species with X;X,Y sex chromosome system entirely share
the synteny blocks by which these sex chromosomes are formed. Our findings also corroborate the existence of
previously proposed®® XY sex chromosome system in H. rondoni, as also these chromosomes were stained by
the same sex chromosome-derived painting probes.

Since the identification of the multiple XX/XY,Y, sex chromosome system in H. carvalhoi*’, Harttia catfish
genus became an excellent model for studying sex chromosome evolution in Neotropical fishes, with three spe-
cies having the X, X,Y sex chromosome system, other three the XYY, one, and yet one another representative
featuring tentative XY sex chromosomes. A series of cytogenetic studies relying mostly on repetitive DNA map-
ping, CGH and Zoo-FISH experiments provided already evidence that XYY, systems found in H. carvalhoi, H.
intermontana and Harttia sp. 1 are fully or partially homeologous among each other but are non-homologous to
the X,X,Y system of H. punctata®>>3+3>39-42 Homeology between X, X,Y sex chromosomes in H. punctata, H.
duriventris and H. villasboas, and their close relationship to putative XY sex chromosomes in H. rondoni were
previously proposed based on the shared presence of 185 rDNA clusters and CGH patterns®.

Blanco et al.** initially hypothesized that the X,X,Y sex chromosomes in H. punctata originated from a
Robertsonian translocation between the two acrocentic chromosomes—an ancestral Y and an autosome. This
rearrangement would be accompanied by the loss of 18S rDNA arrays from the emerging neo-Y chromosome.
Nonetheless, the chromosome painting data from the work by Deon et al.*® and our present study, once anchored
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Figure 2. Schematic representation of hybridization results on chromosomes of studied Harttia species. For
Harttia punctata the hybridization pattern was adopted from our previous study utilizing the same probes*.

Letters correspond to those on Fig. 1. The assignment of signals to specific chromosome pairs, as well as the
arrangement of chromosomes into a karyotype, was performed based on data in our previous studies®*.
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to the current phylogenetic analysis (*’Fig. 3A, **Fig. 3B), clearly show that the linkage groups representing X;
and X, chromosomes were ancestrally forming arms of the same chromosome. Besides the early diverging H.
guianensis, this pattern has been found also in other Harttia lineages (**Fig. 3). This means that more probably
the X, X,Y system emerged after a centric fission in the ancestral X chromosome.

When a fission event creates an X, X,Y multiple sex chromosome system, a closely related species carrying
the ancestral XY sex chromosomes is expected to have a lower 2n in the karyotype*’. This is what can be inferred
from the comparison of H. rondoni with 2n =54 (XY/XX) and the species with multiple X;X,Y/?X;X;X,X, sex
chromosomes: H. punctata with (2n=573/58%), H. villasboas and H. duriventris (2n=553/56%).

CGH analysis has formerly shown that a probable region of differentiation on the Y chromosome might be
located proximally to the centromere®. Indeed, the centromeric regions have been widely shown to suppress
recombination** and therefore are thought to be suitable regions for establishment of a new sex-determining
region'. It is further intriguing that H. villasboas and H. duriventris share the presence of centromere-proximal
18S rDNA site on their Y chromosomes and that both XY chromosomes in H. rondoni share a pericentromeric
18S rDNA cluster being consistently larger on the X chromosome (**this study). It is tempting to hypothesize
that the ancestral situation would be close to the scenario found in H. rondoni and the X-linked amplified 18S
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Figure 3. Phylogenetic relationships among Hartiini fishes based on morphological and molecular data

along with anchored cytogenetic characteristics. Phylogeny follows™ (a), and*® (b), while (c) presents the
chromosomal data from species that were not included in the respective phylogenetic reconstructions. Indicated
cytogenetic characteristics: 2n; sex chromosome systems; partial ideograms represent the organization of
mapped synteny blocks as revealed by the sex chromosome-derived painting probes HPU-X, (red) and HPU-X,
(green); 55 rDNA (blue), and 18S rDNA (black) sites. The assignment of signals to specific chromosome pairs
was performed based on data in our previous studies?®*>*>%°. More specifically, the cytogenetic data synthesis
has been undertaken as follows: H. guianensis, H. dissidens and Harttia sp. 3 (**this study); H. punctata, H.
kronei, H. loricariformis, H. longipinna, H. carvalhoi, H. torrenticola and H. gracilis‘“’; H. duriventris, H. villasboas
and H. rondoni (*this study); H. intermontana, Harttia sp. 1 and Harttia sp. 2°*>*%; H. absaberi®'.
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rDNA region might cause instability around the centromere, leading eventually to the fission, while selection
would counteract similar fission to happen on the Y chromosome, to preserve the linkage disequilibrium in/
around the sex-determining region.

rDNA clusters have been abundantly shown to cause chromosomal instability due to heavy transcription and
organization into long tandem arrays*. More specifically, the following conditions collectively provide ample
opportunities for DNA damage to happen: (1) highly decondensed DNA, (2) exposure of non-templated DNA
strand and its tendency to form various secondary structures and (3) increased probability of collision between
transcription and replication machineries. Consequent DNA repair may accidentally lead to rearrangements*®-.
In the frame of the X-fission scenario, loss of rDNA sequences is among the possible consequences of double-
stranded breaks in these tandem repeats*. Moreover, fission itself may lead to a partial degradation of exposed
chromosomal ends until new telomeres are being established*. rDNA dynamics in Harttia is further evidenced
by a complete loss of rDNA sites on certain linkage groups and their emergence on another chromosome pairs
(*this study—see Fig. 2). Notably, besides Harttia spp.*>*°, rDNA sites operated as breakpoint regions indepen-
dently in many fish groups® .

While H. rondoni has not been involved in the current phylogenetic analysis*’, former work® proposed the
phylogenetic position of this species being nested within the species carrying X,X,Y sex chromosomes, which
might either mean that (1) ancestral XY system has been preserved in H. rondoni while X,X,Y system evolved
repeatedly in separate evolutionary events in the closely related species or (2) there was a single origin of X, X,Y
system and X, and X, fused secondarily back again in H. rondoni creating a neo-XY system, or (3) the phylo-
genetic relationships of H. rondoni with closely related species are not interpreted correctly by Covain et al.*.
Regarding the last point, although geographical distribution and morphological characters reinforce the Covain’s
proposition?, further phylogenetic studies involving the species in question are necessary to untangle this issue.
Noteworthily, if X,X,Y sex chromosomes evolved multiple times independently in this Harttia lineage, then the
repeated fusion of ancestral Y with always the same autosome is rather improbable®**-8, which, again, reinforces
the X-fission hypothesis.

The origin of multiple X;X,Y sex chromosome system in the three Harttia species seems not to follow the
common evolutionary pathway. A centric or tandem fusion of the original Y chromosome with an autosome has
been proposed (and in several cases empirically confirmed) as an underlying mechanism leading to emergence
of X,X,Y sex chromosomes in the remaining 62 teleosts cases reported to date®*>>. It is also the commonest
mechanism of multiple sex chromosome creation in other cold-blooded vertebrates®®®!. Sex chromosome fis-
sions are much less common and in teleosts they have been proposed thus far only in five cases (four times as
Y-fission and once as W-fission; reviewed in®). Another tentative W-fission might have taken place in Ancistrus
clementinae®*. Finally, a Y-fission has been proposed also for the XYY, system in H. carvalhoi*’, however, a
more recent study®? suggested X-autosome fusion to be responsible instead, which has been further reinforced
by Zoo-FISH showing that a probable ancestral X chromosome fused with two different autosomes within the
set of three XY, Y,-bearing Harttia species®.

Fissions are generally hard to track in the species’ karyotypes as they generate less noticeable products com-
pared to large chromosomes derived from fusions®>**. Hence, unfortunately, our understanding of the genomic
properties of fission sites and the etiology of this rearrangement type are still rather limited, despite the steadily
growing number of sequenced genomes in non-model organisms. Studies combining chromosomal painting
with specific sex-chromosome probes and other cytogenetic markers, such as the distribution of repetitive
DNAs, are useful to indicate major fission events, as already proven in fishes®*®, lizards®>*, and birds®’. Such
an approach is desirable as fissions have been associated with chromosomal evolution and speciation events
in several metazoans®®-"° and they have been also, for instance, associated with the evolution of the olfactory
system in carnivores”".

While sex chromosome-autosome fusions have been much more explored regarding their possible effects
on reproductive isolation, adaptation and radiation®***7% fissions might have a similar effect’?. In the case of
Harttia species, given that these fishes form rather small, fragmented populations with restricted/absent gene
flow, multiple sex chromosomes might have emerged and get fixed rather under the major effect of genetic drift’
which highly likely applies also to several other Neotropical fishes with multiple sex chromosomes®>>7%. The
possible contribution of natural selection in this process will require further studies particularly oriented towards
a detailed characterization of genetic content of sex-determining regions and neighboring chromosomal areas.

Conclusion

The chromosomal evolution in Harttia species has been shaped by numerous inter-chromosomal rearrange-
ments giving rise to a complex karyotype variability, including the emergence of different male-heterogametic
sex chromosome systems. In this study, we demonstrated that the X;X,Y and XY sex chromosomes, as well as
some autosomes, share several homologies among Harttia species. This strengthens our previously proposed
theory that the X, X,Y system emerged after a centric fission in the ancestral X chromosome and thus repre-
sents a derivation of the ancestral XY sex chromosome system. Although the amount of chromosomal data has
significantly increased for Harttia species during the recent years, the genus still lacks a robust phylogenetic
reconstruction that would include all recognized species along with the other emerging but yet undescribed
species whose existence has been proposed by their distinct cytogenetic features?.

Methods

Sampling and chromosome preparation

Species were gathered from seven distinct localities (Fig. 4, Table 1), with the authorization of the Brazilian
environmental agency ICMBIO/SISBIO (License 48628-14) and SISGEN (A96FF09). Mitotic chromosomes were
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Figure 4. Partial map of Brazil highlighting the Amazonian (green) and Tocantins-Araguaia (orange) river
basins. Circles correspond to sampling sites of Harttia species whose sex chromosome systems are indicated by
specific colors. The color-coding system for river basins and sex chromosomes is presented in frames (bottom
right). 1= H. guianensis; 2= H. dissidens; 3= H. duriventris; 4=H. rondoni; 5=H. villasboas; 6 = H. punctata and
7 =Harttia sp. 3. The map was created with QGIS 3.22 with the package Natural Earth.
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Table 1. Geographic coordinates, diploid chromosome numbers (2n), karyotype composition, sample
sizes (N), and voucher numbers of the sampled species. Harttia sp. 3 is still waiting for a proper taxonomic
identification. Numbers that precede the species names correspond to those in Fig. 1. The species were
assigned to their phylogenetic clades following®’.

obtained by the classic air-drying method””, using the anterior kidney cells as the main source material, being
occasionally supplemented with the cells of the spleen tissue. All procedures followed the ethical and anesthesia
conducts approved by the Ethics Committee on Animal Experimentation of the Universidade Federal de Sdo
Carlos (Process number CEUA 1853260315). The authors complied with ARRIVE guidelines. Specimens were
fixed in 10% formalin and deposited in the fish collections of the Instituto Nacional de Pesquisa da Amazonia
(INPA-ICT) and Museu de Zoologia da Universidade de Sao Paulo (MZUSP). Their voucher numbers are pro-
vided in Table 1.
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Probe preparation for Zoo-FISH and rDNA FISH

Sex chromosomes of H. punctata were selected to be used as probes since this species exhibits the closest 2n
relative to the proposed ancestral state for the genus and, at the same time, it possesses a multiple sex chromo-
some system of the X, X, X,X,/X,X,Y type?*3>343542 Fifteen copies of the X, and X, chromosomes were isolated
by glass-needle-based microdissection under an inverted microscope (Zeiss Axiovert 135). The collected DNA
material was then amplified in a primary degenerated oligonucleotide-primed polymerase chain reaction (DOP-
PCR)’®. The probes were then labeled in the secondary DOP-PCR reaction using 1 uL of the initial amplified
product as a template DNA”’. The probe derived from the X; chromosome (HPU-X,) was labeled with Spectrum
Orange-dUTP (red), and the one derived from the X, chromosome (HPU-X,) with Spectrum Green-dUTP
(green) (Vysis, Downers Grove, United States).

The 5S and 18S rDNA fragments were obtained by PCR from the wolf fish Hoplias malabaricus genome
using primers and thermal profiles described in previous studies’®-%. The labelling was done by nick translation
using Atto550-dUTP (red) for the 55 rDNA and Alexa Fluor 488-dUTP (green) for the 18S rDNA (both Jena
Biosciences, Jena, Germany), according to manufacturer’s protocol.

FISH experiments

Zoo-FISH followed the protocol described by Sassi et al.®!. Cyt-1 DNA prepared from H. punctata male genome
was used as a blocker to high-copy repeat sequences®. Slides with metaphase chromosomes of H. dissidens, H.
duriventris, H. guianensis, H. villasboas, H. rondoni and Harttia sp. 3 were denatured in 70% formamide/2 x SSC
at 72 °C for 3 min. For each assay, the hybridization solution (200 ng of HPU-X,, 200 ng of HPU-X, and 20 pg
of Cyt-1 DNA in 50% formamide + 2 x SSC + 10% dextran sulfate; final volume 20 uL) was denatured for 10 min
at 85 °C, cooled at 4 °C for 2 min, and allowed to pre-anneal for 45 min at 37 °C in a thermocycler. Next, the
probes were spotted onto the denatured slides, and the hybridization process took place in a dark moist chamber
for 48 h at 37 °C. To remove unspecific hybridization signals, slides were washed twice with 1 x SSC at 65 °C
(5 min each), and then in 4 x SSC/Tween (5 min) and 1 x PBS (1 min), at room temperature. After capturing
the resulting images, the slides were washed for the second round of hybridization®, in which 100 ng of each 5S
and 18S rDNA probe was applied after being dissolved in the hybridization solution (50% formamide and 10%
dextran sulfate in 2 x SSC), in the final volume 20 pL. The rDNA FISH experiments followed the same protocol as
described above, except for the hybridization time which was 24 h. In all experiments, chromosomes were finally
counterstained with VECTASHIELD" Antifade Mounting Medium with DAPI (4',6-diamidino-2-phenylindole)
(Vector Laboratories, California, United States).

Microscopy and image analysis

Hybridization patterns were verified in at least 30 metaphase spreads per experiment. Images were captured
using an Olympus BX50 microscope (Olympus Corporation, Ishikawa, Japan), coupled with a CoolSNAP cam-
era. Images were processed with Ikaros/ISIS (MetaSystems, Germany). The assignment of signals to specific
chromosome pairs, as well as the arrangement of chromosomes into a karyotype, was performed based on data
in our previous studies?®.

Ethical approval

Sample was approved by the Brazilian Environmental Agency ICMBIO/SISBIO (License 48628-14) and
SISGEN (A96FF09). All experiments followed the guidelines and were approved by the Ethics Com-
mittee on Animal Experimentation of the Universidade Federal de Sdo Carlos (Process number CEUA
1853260315 and 7994170423).

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.
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Abstract
The Neotropical armored catfish Harttia is a valuable model for studying sex chromosome

evolution, featuring two independently evolved male-heterogametic systems. This study
examined satellitomes—sets of satellite DNAs—from four Amazonian species: H. duriventris
(X1X2Y), H. rondoni (XY), H. punctata (X1X2Y), and H. villasboas (X1X2Y). These species share
homologous sex chromosomes, with their satellitomes showing a high number of homologous
satellite DNAs (satDNAs), primarily located on centromeres or telomeres, and varying by
species. Whole chromosome painting and bioinformatics revealed that in Harttia species
without heteromorphic sex chromosomes, a specific satDNA (HviSat08-4011) is amplified in
the same linkage group associated with sex chromosomes, suggesting an ancestral system.
The study indicates that these homologous sex chromosomes have diverged rapidly, recently,
and independently in their satDNA content, with transposable elements playing a minor role
compared to autosomal chromosome evolution.

Keywords: repetitive DNA; transposable elements; FISH; short-reads; ZP4.

Introduction

Multiple sex chromosome systems arise from rearrangements between XY or ZW
chromosomes and autosomes, this being the most common way, observed in several animal
and plant groups 5, or even from fissions within the ancestral sex pairs without the
involvement of additional autosomes 2. In contrast, the differentiation of sex chromosomes
in simple sex chromosome systems (i.e., XX female/XY male; ZZ male/ZW female), which is
based on autosomal ancestry, is more extensively clarified *-17. An autosomal pair generally
acquires a sex-determining locus, which may be a dosage-dependent or sex-determining
allele. Subsequent modifications include the suppression of recombination either via the
accumulation of various repetitive DNA classes or via chromosome rearrangements 823,
Undoubtedly, compared to the extensive research that has already been done on simple XY
and ZW systems, multiple systems still have significant shortcomings in evolutionary research.

While some taxa, like birds and mammals, have retained the same mode of sex
chromosome system (i.e., ZW and XY, respectively) in most of their extant species throughout
their evolutionary history, fish and amphibians show regular turnovers, with a large number of



species presenting homomorphic, simple and multiple sex chromosomes, including alternative
modes of sex chromosome system even within closely related species 2427, Among
vertebrates, multiple sex chromosome systems derived from the ZZ/ZW system are extremely
rare, only known in a few birds, lizards, and fish species (revised in °). On the other hand, the
X1X1X2X2/X1X2Y system is the most widespread XY-derived system, which has been found in
several mammals and reptiles, frogs, and fishes *°. Fishes possess the most abundant and
diverse range of multiple sex chromosome systems among vertebrates. Approximately 5% of
the teleost species examined had heteromorphic sex chromosomes, with a total of 81
instances of multiple systems 24528-31,

Harttia (Siluriformes, Loricariidae) is a Neotropical fish genus with significant karyotype
diversity among its 28 recognized and several cryptic species, which are widespread in the
waters of the Orinoco and Guyana shields, as well as most Brazilian rivers 233, The genus
Harttia records the highest number of species with multiple sex chromosomes among fishes,
with six male-heterogametic occurrences, comprising two independently evolved sex
chromosome systems: XX/XY1Y: and XiXiXoXo/X1XzY (Table 1, Figure 1). Whole
chromosome painting (WCP) studies combined with the fluorescence in situ (FISH) mapping
of repetitive sequences such as ribosomal DNA (rDNA) and microsatellites highlighted the
putative origins and evolutionary relationships of the sex chromosomes, indicating that
independent fission events occurred in the origin of the multiple systems 10113435,

Table 1. Distribution of sex chromosome systems in Harttia species. Cell colors reflect the
homology of the sex chromosome systems. Data from 1934 and 1:3°,

Sex Chromosome System Species 2n
X1X1X2X2/ X1 X2Y H. duriventris 569/5578
X1X1X2X2/X1X2Y H. villasboas 562/557
X1X1X2X2/X1X2Y H. punctata 58Q/573
XXIXY H. rondoni 549043
XXIXY1Y2 H. carvalhoi 522/53¢%
XXIXY1Y2 H. intermontana 529/53%
XXIXY1Y2 Harttia sp. 1 562/57J
XXIXY H. torrenticola 56243
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Figure 1. Distribution map of Harttia species herein investigated, with their respective
phylogenetic relationships modified from Covain et al. (2016). The map highlights the
hydrographic basins of Brazil and the rivers of South America. Dashed lines indicate the
inferred relationships of species based on chromosomal data 1911:3436-38 that are not included
in the previous % phylogeny. Numbers on the map indicate the collection sites (detailed in the
material and methods section Table 8) of the same species presented in phylogeny. Idiograms
illustrate the homologous sex chromosome systems according to their linkage groups,
following 1% and 1%, Nodes marked in red indicate the divergence between clades recovered
from TimeTree 5 “°. Blue dots indicate the species targeted for satellitome characterization,
while the white dots indicate the ones used for comparative FISH experiments.

SatDNAs are fast-evolving repetitive sequences that show species-specific profiles
4142 - Notwithstanding, these sequences might have a particular role in gene regulation,
chromatin modification, or as chromosomal functional components “43. The extensive
mapping of repetitive DNA sequences in fish chromosomes has provided an unparalleled
opportunity to understand the role of such sequences in the evolutionary process #4. Although
fish genomics has been studied since the late 1980s, the broad incorporation of next-
generation sequencing methods in the study of non-model organisms (e.g., %) allowed the
expansion of chromosomics #°. More recently, this combination of techniques (cytogenetics
and genomics) is being used to characterize and map full catalogs of satellite DNA sequences
(satDNASs) in several non-model fish (e.g. “¢50-%%), revealing the essential role of those
repetitive sequences in sex chromosomal differentiation %458,

In standard XX/XY and ZZ/ZW systems, the association of satDNA sequences with the
differentiation of the sex-specific (Y or W) chromosome has been clearly demonstrated (e.qg.,
545557.59-64  among several others). The few studies on the satDNA content of multiple sex
chromosome systems also demonstrate an accumulation of these repetitive sequences in
distinct regions of the sex chromosomes, as demonstrated for the cricket Eneoptera
surinamensis (X:1X2Y) that carries satDNAs in the Y ® and the anostomid Megaleporinus
elongatus (Z:W1Z,W,) whose accumulation occurs in the W; “6. The sorrel plant (Rumex
acetosa, XY1Y») presents satDNAs accumulated at both Y; and Y, sex chromosomes with a



different satDNA profile from those at the X chromosome, suggesting an older origin when
compared to other dioecious plants with simple sex chromosomes -2, The Oxycarenus
hyalinipennis (X1X2Y) bug has a satDNA family distributed through the entire length of the Y
chromosome and at least 26 satDNA families with a bias towards the male genome 2.
Although lacking Y-specific motifs, several satDNAs of Pyrrhulina semifasciata (Xi1X.Y) are
accumulated in the proto-sex pairs in relative species 4. Except for the few studies described
above, no research on fish has been reported comparing species satellitomes with
homologous multiple sex chromosomes. By integrating genomic and chromosomal data, we
uncovered and compared the complete catalogs of satDNA families of four Harttia species
named H. duriventris, H. punctata, and H. villasboas (X1X2Y) and H. rondoni (XY). This
allowed us to investigate the evolutionary trajectory of satDNA families and expose their recent
and accelerated patterns of evolution in these rearranged multiple sex chromosomes.

Results
Characteristics of Harttia satellitomes

The main features of the satellitomes are compiled in Table 2 and Supplementary
Table 2, including the number of satellite sequences, the maximum and minimal values for the
A + T proportion, and the range of repeat unit lengths. The maximum number of satellites was
recovered in H. rondoni, with 25 satDNA families. This species also has the largest variation
in the repeat unit length, with satDNAs varying from 4165 bp to 19 bp. Long satDNAs
predominate among the four satellitomes, corresponding to 76.2% of the sequences in H.
villasboas, 64% in H. rondoni, 61.2% in H. duriventris, and 52.6% in H. punctata. Putative
ORFs were identified in four HviSatDNAs, five in HroSatDNAs, three in HduSatDNAs, and four
in HpuSatDNAs (Supplementary Table 3). We have further investigated the satellitome of H.
villasboas and studied it comparatively with the rest of the species.

Table 2. Main features of the Harttia satellitomes herein obtained: N = number of satellite
sequences; RUL = repeat unit length (bp); A + T = proportion of A + T nucleotides in the
satellite; Max = maximum; Min = minimal; Med = median.

Species N Max Min Med Max Min Med
RUL RUL RUL A+T A+T A+T
Harttia duriventris 18 2707 21 262 81% 23.6% 56%
Harttia punctata 19 2750 21 177 72% 39% 59%
Harttia villasboas 21 4011 32 730 68.1% 24.2% 52%
Harttia rondoni 25 4165 19 372 81% 25.1% 57.8%

Comparative fluorescence in situ hybridization

The FISH mapping of satellite sequences revealed distinct patterns for each Harttia
species. Here we present the results in males, while hybridizations on females are presented
in Supplementary Figures 2 and 3. In the donor species H. villasboas (Figure 2), concerning
the sex chromosomes, only HviSat13-730 and HviSat18-1068 were present both at the
secondary constriction of X; and Y. Among autosomes, HviSat01-2531 was found in the



pericentromeric regions of five chromosome pairs, while HviSat02-2707 was scattered in all
pairs in a non-clustered pattern. Both HviSat04-2959 and HviSat05-177 were hybridized in the
short arms of a small metacentric pair, and HviSat08-4011 was found in the long arms at the
terminal region of a submetacentric pair. No visible signals were identified with the HviSat03-
997 probe.

O | vilasbaas

Figure 2. Distribution of satDNAs in H. villasboas. Male mitotic chromosomes of H.
villasboas after hybridization with distinct satellite DNA sequences, indicated in the lower right
corner. Sex chromosomes are indicated in the metaphase. Scale bar =5 pym.

Both H. rondoni and H. duriventris share similar distribution patterns of HviSatDNAs.
Only HviSat13-730 and HviSat18-1068 were mapped in the X and Y sex chromosomes of H.
rondoni and X, and Y of H. duriventris (Figure 3). HviSat08-4011 was hybridized to the terminal
portion of the long arms of a submetacentric pair, in addition to a pericentromeric signal on
the X; chromosome of H. duriventris. Following this, HviSat04-2959 and HviSat05-177 were
found on the short arms of a small metacentric pair. HviSat02-2707 was found scattered in all
chromosomes and HviSat03-997 does not produce visible signals, while HviSat01-2531 was
hybridized to pericentromeric regions of six and three pairs in H. rondoni and H. duriventris,
respectively.
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Figure 3. Distribution of satDNAs in H. rondoni and H. duriventris. Male mitotic
chromosomes of H. rondoni and H. duriventris after hybridization with distinct satellite DNA
sequences from H. villashoas, as depicted in the lower right corner. Sex chromosomes are
indicated. Scale bar =5 pm.

When hybridized with H. punctata chromosomes (Figure 4), the HviSatDNAs produced
unexpected results. The sex chromosomes of this species accumulate several sequences,
including HviSat08-4011 in a large pericentromeric block on Xi;, HviSatl3-730 at the
secondary constriction of X;, HviSat04-2959 also in a large pericentromeric block on Xi, a
small pericentromeric signal on X, and Y, and HviSat05-177 at the centromere of X; and X»,
in addition to telomeric signals on X; and in the Y, the last restricted to long-arms. HviSat04-
2959 was also found in a small metacentric autosome pair and HviSat05-177 in the short arms
of six autosomes. HviSat01-2531 was restricted to a large sm chromosome pair in an
interstitial position on long arms, while HviSat02-2707 produced small signals in the
pericentromeric region of a few chromosome pairs. The species Harttia sp. 3 (Figure 4)
produced similar patterns to H. villasboas and H. rondoni. The at01-2531 was found in three
chromosome pairs in the pericentromeric region, while HviSat03-997 was scattered in almost
all chromosomes. HviSat18-1068 and HviSat13-730 were found in the secondary constriction
of the first chromosome pair in the pericentromeric region. On the other hand, HviSat02-2707
was found slightly hybridized to some chromosome pairs, but only in one of the homologs of
the first chromosome pair, all in the pericentromeric position. Both HviSat04-2959 and
HviSat05-177 followed the pattern of a single chromosome pair hybridized with each probe,
while HviSat08-4011 was found in the long arms of a submetacentric large pair.
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Figure 4. Distribution of satDNAs in H. punctata and Harttia sp. 3. FISH mapping of
satellite sequences from H. villasboas against male H. punctata and Harttia sp. 3
chromosomes. Each probe combination is identified in the respective box, and sex
chromosomes are indicated in each metaphase spread. Scale bar =5 pm.

For H. dissidens and H. guianensis (Figure 5), HviSat01-2531 produced strong
hybridization signals in five chromosome pairs in the first and was restricted to a single sm
pair at an interstitial position in the last. The HviSat13-730 was restricted to the secondary
NOR constriction in a single pair in both species. The HviSat08-4011 followed the pattern for
most other species, being accumulated in the telomeric region of the long arms of a
submetacentric pair in both species. While HviSat05-177 was found in a single pair of H.
dissidens, four pairs were probed in H. guianensis. Exclusively in H. dissidens, a scattered
pattern was observed for HviSat03-997, and a single pair was labeled with HviSat04-2959,
since no visible signals were found in H. guianensis for both satDNAs. Both HviSat18-1068
and HviSat02-2707 do not produce visible FISH signals. Figure 6 highlights H. villasboas
satellite sequences that were hybridized to sex chromosomes in distinct selected Harttia
species were schematized according to their phylogenetic relationships by Covain et al.
(2016).
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Figure 5. Distribution of satDNAs in H. dissidens and H. guianensis. Satellite sequences
of H. villasboas hybridized against male H. dissidens and H. guianensis chromosomes. Each
probe combination is identified in the respective box. Scale bar =5 um.
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Figure 6. HviSatDNAs hybridized to sex chromosomes and homologous autosomes of
seven Harttia species. A highlight of H. villasboas satellite sequences that were hybridized
to sex chromosomes in distinct selected Harttia species schematized according to their



phylogenetic relationships *°. H. intermontana was manually added to the tree based on
geographical distribution and chromosomal characteristics, but its position must be confirmed
since it was not included in Covain's analysis. The combination of probes is indicated above
each ideogram/FISH image. The colors of idiograms followed the homology of sex
chromosomes obtained from whole chromosome painting with HPU-X; (yellow) and HPU-X;
(gray) described by 193 and 1i. See Supplementary Figure 4 for WCP + HviSat08-4011 on
species without heteromorphic sex chromosomes. Scale bar = 10 um.

Comparative satellitomics

19 of the 21 H. villasboas satDNAs have a homologous counterpart in one, two, or
three other Harttia species (Table 4). Table 4 reflects that there are conserved satellites in all
four species analyzed (e.g., the homologs of HviSat01-2531, HviSat04-2959 or HviSat05-177,
among others). However, there are lineage-specific satellites: two satDNAs, HviSat17-49 and
HviSat20-47, appear to be specific to H. villasboas, six satDNAs appear to be specific to H.
rondoni, 1 to H. duriventris and 4 to H. punctata. In this context, we have found some satellites
that are specific to the H. villasboas-H. rondoni lineage: HviSat08-4011, HviSat16-2480,
HviSat19-589, and HviSat21-575 have homologues only in H. rondoni, the closest relative to
H villasboas. But this table also reflects the saltational process of evolution of some satellites
that form the satellitomes of these species since there are satDNAs shared by two or more
species for which the pattern of sharing does not conform to the phylogeny of Figure 1: among
several others, one example is HviSat02-2702 for which we have found homologs in H.
duriventris and H. punctata but not in H. rondoni. These data reflect differential amplifications
of these satellites in different species at different evolutionary times.

Table 4. Homologous satDNA families of Harttia.
Species

H. villasboas

H. rondoni

H. duriventris

H. punctata

HviSat01-2531

HviSat02-2707
HviSat03-997
HviSat04-2959
HviSat05-177
HviSat06-200
HviSat07-93
HviSat08-4011
HviSat09-815
HviSat10-1666
HviSat11-1338
HviSat12-144
HviSat13-730

HviSat18-1068
HviSat14-347
HviSat15-32

HviSat16-2480
HviSat19-589
HviSat21-575

HroSat02-1662
HroSat03-372
HroSat05-515

HroSat09-2961
HroSat16-177

HroSat01-93
HroSat14-4165
HroSat19-815
HroSat06-1634
HroSat13-1440

HroSat04-920
HroSat12-144
HroSat11-534
HroSat08-347

HroSat17-2481
HroSat18-1194
HroSat23-576
HroSat10-21
HroSat20-45

HduSat03-2143

HduSat01-2707

HduSat08-1754
HduSat06-177
HduSat04-31
HduSat05-93

HduSat11-815
HduSat12-1670
HduSat10-1449
HduSat13-144
HduSat09-771
HduSat16-144
HduSat15-534
HduSat02-347
HduSat14-32

HduSat07-21
HduSat18-45

HpuSat12-1973

HpuSat04-2707
HpuSat05-1068
HpuSat07-2750
HpuSat02-177

HpuSat06-105
HpuSat10-781
HpuSat14-503

HpuSat08-1546
HpuSat03-144

HpuSat11-32

HpuSat01-21




Table 5 shows the genetic distances between the satDNAs of H. villasboas and the
corresponding homologous satellites. In general, the greater the phylogenetic distance, the
greater the genetic distance between homologous satellites. This is especially true in
comparisons with H. punctata. But Table 5 also shows that there are highly accelerated or
slowed rates of change for some satDNAs lineages, with genetic distances that are not
consistent with phylogenetic proximity in some comparisons. For example, the homologous
HviSat01-2531 in H. rondoni or the homologous HviSat04-2959 in H. duriventris show greater
divergence from H. villasboas than homologs of phylogenetically more distant species. The
table, in general, shows differential divergence patterns between different satellites and
between different lineages. Taking as a reference the only node in which we have a clear
dating to compare two species, Table 6 shows CTR for each satDNA assuming a divergence
time of 17.5 my between H. villasboas and H. punctata (Figure 1), demonstrating very different
rates of sequence change in different satDNAs.



Table 5. A comparison of the genetic distances between the homologous satDNAs of Harttia
villasboas and the other three species (H. rondoni, H. duriventris, and H. punctata). Genetic
distances between (1) Hvi-Hro, (2) Hvi-Hdu, (3) Hvi-Hpu, (4) Hro-Hdu, (5) Hdu-Hpu, (6) Hro-
Hpu.

Homologous satDNA

Harttia villasboas Harttia rondoni Harttia duriventris Harttia punctata
HviSat01-2531 0.081(1) 0.023(2) 0.189(3)
0.068(4) 0.198(5)
0.128(6)
HviSat02-2707 0.004(2) 0.025(3)
0.023(5)
HviSat03-997 0.296(3)
HviSat04-2959 0.018(1) 0.390(2) 0.180(3)
0.393(4) 0.498(5)
0.156(6)
HviSat05-177 0.006(1) 0.006(2) 0.163(3)
0.000(4) 0.156(5)
0.156
HviSat06-200 0.067(2)
HviSat07-93 0.044(1) 0.116(2) 0.316(3)
0.142(4) 0.350(5)
0.367(6)
HviSat08-4011 0.016(1)
HviSat09-815 0.030(1) 0.030(2) 0.271(3)
0.043(4) 0.280(5)
0.275(6)
HviSat10-1666 0.016(1) 0.023(2) 0.498(3)
0.020(4) 0.480(5)
0.471(6)
HviSat11-1338 0.070(1) 0.065(2) 0.771(3)
0.025(4) 0.775(5)
0.768(6)
HviSat12-144 0.007(2) 0.007(3)
0.000(5)
HviSat13-730 0.092(1) 0.109(2)
0.048(4)
HviSat14-347 0.012(1) 0.032(2)
0.038(4)
HviSat15-32 0.000(2) 0.000(3)
0.000(5)
HviSat16-2480 0.015(1)
HviSat18-1068 0.038(1) 0.067(2)
0.061(4)
HviSat19-589 0.107(1)

HviSat21-575 0.007(1)




Table 6. Consensus turnover rate (CTR) of satDNA sequences between Harttia villasboas
(HviSatDNA) and H. punctata (HpuSatDNA).

HviSatDNA HpuSatDNA CTR
HviSat01-2531 0.189 0.54x10®
HviSat02-2707 0.025 0.07x10®
HviSat03-997 0.296 0.85x10®
HviSat04-2959 0.180 0.51x10®
HviSat05-177 0.163 0.47x10®
HviSat07-93 0.316 0.90x10®
HviSat09-815 0.271 0.78x10®
HviSat10-1666 0.498 1.42x108
HviSat11-1338 0.771 2.20x108
HviSatl12-144 0.007 0.2x108
HviSat15-32 0.000 0

Average 0.71x10%

Repeat landscapes of Harttia satDNAs
Figure 7 displays repeat landscape (RL) plots representing, for several Harttia

satDNAs, abundance (y-axis) and divergence (x-axis) to the consensus sequence built for
each satDNA repeat unit. satDNA degenerates through point mutation (increasing divergence)
and homogenizes through amplification (decreasing divergence). Then, it is assumed that
peaks at lower divergence values in the repeat landscape profiles are the product of recent
amplifications, whereas those at higher divergence values are probably older variants
degenerated by the accumulation of mutations. Following this argument, we have analyzed
the RL plots of satDNAs found in the sex chromosomes of Harttia species. Thus, the satellite
HviSat08-4011 and its counterpart HroSat14-4165 show a unique amplification peak at 0%
divergence. Then, although the graph shows sequence variants of these satellites with
divergences of up to 30%, the amplification that resulted in the current status of this satellite
in the H. villasboas-H. rondoni lineage must have been very recent after the lineage split that
led to H. duriventris. In the case of the HviSat13-730 and HviSat18-1068 satellites and their
counterparts, several peaks are observed that could reflect different, recent (the highest peaks
are at 0% divergence) amplification waves of these satellites at different times in the distinct
species. The RLs of HviSat04-2959 and HviSat05-177, and their counterparts, show several
peaks. But the greatest peaks of the satellites HpuSat02-177 and HpuSat07-2750 stand out,
which could be related to their incorporation and amplification in the sex chromosomes of H.
punctata (these satellites are in autosomes in the other species) possibly after the separation
of the lineages (17.5 mya; Figure 1) since the divergence of 2% of these peaks would
correspond to a divergence time of about 8 my (Table 5). Finally, the rest of the RL plots in
Figure 7 represent examples of four autosomal satellites (HviSat01-2531, HviSat03-997,
HviSat14-347, and HviSat19-589, and their counterparts). As shown, all these satellites show
several peaks that could reflect different expansion waves, most of which are very old (there
are divergence peaks of more than 20%), differentiated in time between the compared
species.
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Figure 7. Repeat landscape plots for Harttia satDNAs. Repeat landscape plots
representing, for several Harttia satDNAs, abundance (y-axis) and divergence (x-axis) to a
consensus sequence built for each satDNA repeat unit.



The complex nature of HviSat08-4011

As indicated, homologous satellites to the satellite HviSat08-4011 and its counterpart
HroSat14-4165 in H. rondoni were not isolated from the genomes of H. duriventris and H.
punctata. However, FISH with probes derived from HviSat08-4011 detected large blocks of
hybridization of this satellite on chromosome X; of both species, in addition to an autosomal
locus (only in H. duriventris), which contrasts with the unique autosomal location of this
satellite in H. villasboas and H. rondoni (as well as in other species lacking sex-chromosomes)
(Figure 6). BLASTn and BLASTx search of HviSat08-4011 reveal a complex satDNA
composed of at least two differentiated parts (Figure 8A). The largest part (about 2300 bp) is
a seqguence with no homology to any other known sequence. However, about 1700 bp of
HviSat08-4011 shows homology and high identity (~80%) with the zona pellucida sperm-
binding protein 4-like (ZP4) gene of diverse species of the orders Siluriformes (such as
Ictalurus, Silurus, Neoarius and Tachysurus) and Characiformes (such as Colossoma,
Pygocentrus and Astyanax). As Figure 8A shows, the homologous parts are discontinuous,
separated by intervening unknown sequences. However, the homologous parts align
continuously with ~90% of the translated sequence of the gene in those other species, with
small discrepancies at the boundaries.

The analogous region of the ZP4 gene is where the primers utilized in our initial FISH
strategy were constructed (Figure 8A, F1R1). Two additional primer pairings have been put to
the test. One is located in the ZP4 non-homologous region (Figure 8A, F2R2), while the other
is made up of a reverse primer inside the ZP4 homologous region and a forward primer outside
of it (Figure 9A, F3R3). In the first case, the results differ from those initially found (Table 7
and Figure 8B): a) the two satellite parts (ZP4-homologous and non-ZP4-homologous)
hybridize only on one autosome in H. rondoni and H. villasboas; b) the ZP4-homologous
satellite part hybridizes on X; and one autosome of H. duriventris but the satellite part not
homologous to ZP4 hybridizes only on the autosome; c) the satellite part homologous to ZP4
hybridizes only on X; of H. punctata and the satellite part not homologous to ZP4 does not
hybridize on any chromosome. In the second case, with the F3R3-HviSat08-4011 primers,
only H. villasboas and H. rondoni produced visible fragments in the agarose gel (Table 6 and
Figure 9B). Those last PCR product amplifications were then sequenced to check the
composition of the amplified fragments, and they fully coincided with the expected region.

Table 7. Summary of PCR and FISH results according to the distribution on autosomes (A) or
sex chromosome (Xi). Probes using F1R1 primers were called HviZP4, while those using
F2R2 primers Hvi-non-ZP4, and F3R3 HviSat08-4011. Colored cells indicate positive results.

FISH
HI\:/|i§E4 Hvi- PCR
nonZP4
Species SatDNA A X1 A Xi HvizP4  Hvi-non- HviSat08-4011
ZP4
H. villasboas HviSat08
-4011
H. rondoni HroSat14
-4165

H. duriventris
H. punctata

We have searched for HviSat08-4011 among the lllumina reads of H. duriventris and
H. punctata using the script mapping_blat_gs.py (see Materials and Methods) but we obtained
no results other than partial sequences with homology to the portion homologous to ZP-4
(mostly) and some with homology to the portion not homologous to ZP-4. We then mapped
and quantified the raw reads of both species against both regions of HviSat08-4011
(repeat_masker_run_big.py) and obtained FISH-compatible results. Specifically, while this


https://github.com/fjruizruano/ngs-protocols/blob/master/mapping_blat_gs.py

satDNA represents 0.05% and 0.01% of the genome of H. villasboas and H. rondoni,
respectively (Supplementary Table S1), the part homologous to ZP-4 accounts for 0.1% of the
genome of H. punctata while the non-homologous part accounts for 0.03% of its genome,
these percentages being 0.03% in both cases in H. duriventris. Furthermore, we have found
different evolutionary trajectories for each part (homologous to ZP-4 and non-homologous to
ZP-4) in H. duriventris and H. punctata. Thus, Figure 8C shows repeat landscape plots
representing, for H. villasboas, H. rondoni, H. duriventris, and H. punctata, abundance (y-axis)
and divergence (x-axis) with respect to a consensus sequence built for each part of the
HviSat08-4011 repeat unit.
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Figure 8. Composition, distribution and evolution of HviSat08-4011. Structure

HviSat08-4011 (a), indicating the homologous regions with the ZP4-like gene (blue) and the
three sets of primers (F1R1, F2R2, and F3R3, in green) used for PCR, as demonstrated by
the agarose-gel image (b). Repeat landscape plots (c) representing, for H. villasboas, H.
rondoni, H. duriventris, and H. punctata, abundance (y-axis) and divergence (x-axis) to a
consensus sequence built for each part of the HviSat08-4011 repeat unit, being blue lines for

the non-homologous to ZP4 and orange for the homologous portion.




Relationship of Harttia satDNAs with transposable elements (TES)

Supplementary Tables 4-7 show the relationships between transposable elements
(TEs) and the various groups of Harttia homologous satellites. The most remarkable results
are: a) out of the several satellites found in the sex chromosomes in this study, only the satellite
HviSat04-2959, and its homologs in the rest of the species, is related to this type of elements;
b) most of the satellites are complex ones composed of different parts in which sequences
derived from SINE and/or LINE elements and tRNA genes (and satDNAs derived from tRNAS)
are intermingled with intervening sequences; c¢) HviSat02-2707 and its homolog are
connected to Penelope elements, whereas HduSat17-150, which has no homologs in other
species, is related to Helitron elements; d) HviSat06-200, but not its shorter homologous
HduSat04-31, is analogous to a mosaic zebrafish satDNA.

Discussion

Our results show that the complex history of chromosomal evolution in Harttia is also
reflected in its satDNA content. We demonstrated the occurrence of distinct profiles of
satDNAs on homologous sex chromosomes, suggesting that these repeats diverged fast,
recently, and independently in each species. SatDNA sequences are abundant on sex
chromosomes and may play an important role in gene regulation and dosage compensation,
resulting in hybrid incompatibilities -7, Moreover, our data demonstrated that in other Harttia
without heteromorphic sex chromosomes, a satDNA (HviSat08-4011) is amplified in the same
linkage group that creates the sex chromosomes seen in the four target species of this study,
suggesting an ancestral sex chromosome system, which will be discussed below.

Evolution of satellite DNAs in Harttia genomes

A large number of satDNA families are shared among the four Harttia species
investigated in this study. This finding supports the library hypothesis 7, which has already
been reported for other groups, including fishes 47”8, mammals °%°, reptiles 8, insects 828
and plants 8-, The library hypothesis states that species possess a repertoire of satellite
DNA (satDNA) families, which exhibit variations in both the number of copies and their
arrangement within the genome ®. As seen in Table 4, which is the result of differential
amplifications of each satDNA in different species at different evolutionary times, thus supports
this hypothesis. Roughly, genetic distances between homologous satellites agree with the
phylogenetic relationships shown in Figure 1. Therefore, the distances between H. villasboas
and H. rondoni are consistently the shortest, indicating that these two species are the closest
in phylogenetic proximity. The primary differences consistently occurred between H. punctata
and any other species, indicating that this lineage split from the lineage that originated the
clade consisting of the other three species a long time ago (Figure 1). However, in agreement
with the library hypothesis, differential amplifications lead to accelerated rates of change in
different lineages as disparate genetic distances that do not fit with phylogenetic relationships
are observed (Table 5). In this context, the repeat landscapes indicated peaks in both higher
and lower divergence values, probably due to the presence of older variants degenerated by
the accumulation of mutations in addition to recent amplification and homogenization events
(Figure 7).

Satellite DNAs (satDNAs) exhibit variation in their location on Harttia chromosomes,
ranging from being scattered in a few places throughout the chromosome to being mostly
confined to either the pericentromeric or telomeric regions (Figures 2-5), the preferential
places of clusterization of satDNAs “87, It has been proposed that satDNAs may play a



significant role in the structure and operation of both centromeric and telomeric regions since
such distribution lines up within all eukaryotes 8%°, In terms of size, there is a prevalence of
long satDNAs (>100bp), which is consistent with what has been seen in the related species
H. carvalhoi 8.

Some satDNAs of Harttia also share the position with the 18S rDNA secondary
constriction, following HviSat13-730 and HviSat18-1068 associated with the secondary NOR
constriction of most species, with the last being especially highlighted in H. villasboas, H.
rondoni, H. duriventris, and Harttia sp. 3 (Figures 2-5). All four species that harbor the multiple
X1X2Y sex chromosome system demonstrated some ribosomal DNA loci in both X and Y
chromosomes. While H. punctata *° carries both 5S (X; and Y) and 18S rDNA (Xz), only the
18S rDNA is found in the sex chromosomes of H. duriventris and H. villasboas (X, and Y) %,
The sister species with the homologous simple XY system (H. rondoni %) has the 18S rDNA
locus in both sex chromosomes. Ribosomal sequences were suggested to increase the
instability of genomes due to their high transcriptional activity, which can facilitate double-
strand breaks %2, as suggested for other Harttia species 8, and also other loricariids such as
Ancistrus * and Rineloricaria %%, In plants, numerous satDNAs arise from the intergenic
spacer of the ribosomal locus °°7, which was not observed in Harttia genomes. Since the
rDNAs located in the sex chromosomes of Harttia were suggested to surround or be inserted
in an evolutionary breakpoint region that is reused in the karyotypic diversification of the genus
34 both HviSat13-730 and HviSat18-1068 may likely have contributed to the genomic
instability that led to the fission process the originates the multiple sex chromosomes herein
investigated. SatDNAs are also associated with the formation of chromocenters and
micronuclei (reviewed in °8), which can trigger DNA breakage and incompatibilities between
populations, leading to reproductively isolated populations °.

Transposable elements (TEs) are known to contribute to genome expansion
mechanisms primarily through retrotranspositions, but also by creating new tandem repeats
100 by partial TE duplication followed by uneven crossing-over %1, or by transposase-induced
breaks and repair mechanisms 12, In Harttia, these elements have an intricate relation with
the formation of satDNAs, as demonstrated by complex sequences composed of distinct parts
in which motifs derived from short-interspersed elements (SINE) and/or long interspersed
elements (LINE) and tRNA genes. For example, HviSat02-2707 and its homologs in other
species are related to Penelope elements, a class of repetitive elements widely distributed in
fish genomes, seen in medaka, pufferfishes, and cichlids 1%, Penelope-like elements (PLE)
are predominantly found in animal genomes, with occasional losses in some lineages 19419,
On the other hand, the H. duriventris-specific satellite HduSat17-150 is related to Helitron, a
group of TEs that conserves sequences at ends but with satDNA-like central tandem-repeated
motifs 1%, including real satDNAs embedded in such central position in Bivalves 1°71%, This
demonstrates that the evolutionary history of satDNA sequences is also related to TEs,
reflecting the complex history of chromosomal rearrangements that occurred in the genus.
However, such TEs do not seem to participate in sex chromosome differentiation, as
discussed in the next section. Most satDNAs in this genus presented rates of divergence
between homologous sequences that vary according to the phylogenetic relationships, but
repeat landscapes demonstrated species-specific amplification and homogenization events,
especially in the repeats found in sex chromosomes. Such patterns indicate a contingent
evolution scenario for the satDNAs of Harttia, as also seen in the repetitive content of
grasshoppers 1%,



The role of satDNAs in the evolution of Harttia’s sex chromosomes

Although all Harttia species from Clade Il share homologous sex chromosomes, as
indicated by chromosome painting studies !, each demonstrated a distinct composition of
satDNAs, indicating independent evolution of these sequences in each lineage. Sex
chromosome differentiation by independent accumulation of satDNAS in a recent evolutionary
time may reflect the neo origin of such systems, as also seen in other fish with recently
originated sex chromosomes, such as Megaleporinus elongatus and Nothobranchius spp.
464852 |n Harttia, the discrepancy in satDNA profiles can be observed, especially in sequences
that do not follow a phylogenetic arrangement, for example, HviSat08-4011, which was
probably amplified in H. duriventris and H. punctata after their split, besides HviSat13-730 and
HviSat18-1068, which we will discuss below.

The sex chromosomes of H. villasboas harbor only two satDNAs: HviSat13-730 and
HviSat18-1068. These satellites share a minor part of their repeat sequence (about 6%) with
84% similarity, suggesting an ancient common origin. However, both satDNAs and their
homologous counterparts in each species, have signals of recent amplifications in H.
villasboas, H. rondoni, and H. duriventris, in addition to independent events of previous
amplifications (Figure 7). For HviSat18-1068 and its homologs HroSat11-534 and Hdu15-534,
which are smaller in size, a duplication process in H. villasboas was responsible for their
difference in size. This satellite is presented in the secondary constriction formed by the 18S
rDNA, where events of unequal crossing-over were proposed as the main driver for differences
in the accumulation of this ribosomal sequence between the homologs %¢. Since these
satellites are not linked to TEs, unequal recombination may have caused the duplication, as
described for other satDNAs in rice and monkeys %111 However, rolling circle replication may
also be responsible for the duplication of such repetitive sequences *2. Regarding HviSat13-
730 and its homologs HroSat04-920 and HduSat09-771, which showed positive FISH signals
in all four species, we could not identify homolog sequences in H. punctata genome. In this
species, the FISH signal is restricted to the X, chromosome and lacking in the Y, matching the
18S rDNA accumulation pattern ®°, suggesting that the fission event that created the multiple
sex chromosomes may also explain this variation **.

On the other hand, out of the several satellites found in H. punctata sex chromosomes
(see Figure 6) only HviSat04-2959 and its homologs (HroSat09-2961, HduSat08-1754, and
HpuSat07-2750), are related to TEs. This satellite has partial homology with LINE-Rex-Babar
and Tc/Mariner elements (see Supplementary Tables 4-7), which are usually inactivated or
degenerated in fish genomes but can accumulate mutations at neutral rates until losing their
molecular identity 113116, Both elements have been identified in related Loricariidae species,
but as dispersed sequences without any accumulation on a specific chromosome pair *’. In
catfishes, Tc1-Mariner elements can be found associated with rDNA loci variation, suggesting
activity in the transposition system 18, Both satellites HviSat04-2959 and HviSat05-177 and
their homologous counterparts, located on sex chromosomes in H. punctata but on autosomes
in the rest of the species, have been expanding over more than ~20 million years in the four
species. However, there has been a significant increase in the number of these satellites in H.
punctata, which aligns with the observation of extra loci on the X> chromosome of this species.
TEs are less likely to build up on young X chromosomes in fishes compared to autosomes 9,
and this might be the reason for the scarcity of TE-derived satellite sequences in the sex
chromosomes of Harttia.

The most intriguing relation between a satDNA sequence and sex chromosomes in the
genus was observed with HviSat08-4011, which has a partial homology with the ZP4 gene
responsible for the formation of the egg envelope. Zona pellucida glycoproteins are generated



in the ovary or liver by ZP genes '?°. The HviSat08-4011 is consistently mapped to autosomes
and the linkage group is mapped by the whole chromosome painting probe HPU-X1 across
the Harttia phylogeny (Figure 7), except in H. villasboas and H. rondoni, where only autosomal
FISH signals were detected. Repeat landscapes show a symmetrical graphical pattern for both
homologous and non-homologous ZP4 satDNAs in H. villasboas and H. rondoni, which would
indicate a single autosomal satellite recently originated in both species. However, the graph
in H. duriventris would be compatible with an older amplification of a satellite formed from
partial sequences of the ZP4 gene in X, possibly in addition to a more recent amplification of
the composite satellite (composed of the two parts, the homologous and the non-homologous
parts to ZP4 gene) in autosomes as revealed by FISH. This is more evident in H. punctata
where there are several major peaks representing the most abundant set of sequences
homologous to the ZP4 gene, at a divergence between 4 and 10%, compatible with several
waves of amplification of a ZP4-derived satDNA on chromosome Xi. The non-homologous to
ZP4 gene part, not detected by FISH in H. punctata, shows relatively smaller amplification
peaks at divergences higher than 16%. The ZP genes in vertebrates undergo frequent gene
duplication and loss events, suggesting that they are reproductive genes that evolve rapidly
121 This rapid evolution may enable them to adapt to various ecological environments '?? and
serve as barriers to fertilization 122124, making them potential targets for natural selection. A
fertilization-related gene in the same linkage group as the ancestral of the three Harttia clades
may imply an ancestral sex chromosome system. Indeed, the linkage group mentioned is
exclusively recruited as sex chromosomes in Clade Ill, which includes the species under
investigation. This suggests a turnover event in the emergence of multiple XYiY»
chromosomes in Clade 1| 11:34:35.78.95,

The species with the most satDNAs accumulated in sex chromosomes (H. punctata)
is also the oldest divergent in the clade (17.5 My), when compared to a much more recent
diversification of H. villasboas, H. rondoni, and H. duriventris clade at 5.5 My !?°, However,
each species revealed a distinct satDNA profile, with independent amplification and
homogenization events occurring, suggesting an important role of these repetitive sequences
in sex chromosome differentiation in a short evolutionary time, especially in recently originated
sex chromosomes. Besides, satDNAs may have contributed to the speciation process in
Harttia, since these sequences play important roles in chromosome pairing and segregation,
indicating that the distinct profiles on homologous sex chromosomes may have contributed to
reproductive isolation.

Material and methods
Specimens, chromosomal obtainment, and DNA sequencing

We collected samples of nine Harttia species, namely H. dissidens, H. duriventris, H.
guianensis, H. kronei, H. intermontana, H. punctata, H. rondoni, H. villasboas, and Harttia sp.
3 (a distinct karyomorph from Rio do Peixe, PA, Brazil, described in ¥’ that is not assembled
to any known species), in distinct localities inside the Brazilian territory according to Figure 1
and Table 8. After anesthesia with clove oil (Eugenol diluted in 95% ethanol in a final
concentration of 60mg/L in water), as approved by the Ethics Committee on Animal
Experimentation of the Universidade Federal de S&o Carlos (Process number CEUA
7994170423), chromosomes were obtained from the anterior kidney following the classical
air-drying technique . The liver and muscle tissues were stored at 4 °C in 100% ethanol for
molecular analysis. Total DNA was extracted from these tissues using a silica spin-column-
based kit (Cellco Biotech, S&o Carlos — SP, Brazil). The purified DNA of species with described
sex chromosomes (i.e. H. duriventris, H. rondoni, H. villasboas, and H. punctata) was



sequenced on BGISEQ-500 platform (BGI Genomics, Shenzhen, China), generating 2 x 150
bp short read sequences. For H. villasboas and H. rondoni, males and females were
sequenced, while for H. duriventris and H. punctata, only male samples were targeted.

Table 8. Geographical coordinates, diploid number (2n), sex chromosome system, and the
number of individuals (n) analyzed in this study. The number before the species name
corresponds to the same presented in Figure 1. Specimens were deposited in the Museum of
Zoology of the University of Sdo Paulo (MZUSP) and the Ichthyological Collection of the
National Institute for Amazonian Research (INPA-ICT). Species highlighted with asterisks
correspond to those whose satellitomes were generated, while others were used only for FISH
experiments.

Species 2n Locality Coordinates n Voucher

*1 - Harttia villasboas 562554 Rio Curua, 8°44’09”S 3423843 MZUSP
XiX2Y Altamira (PA) 54°57°'46”W 126599

*4 - Harttia duriventris 569554 Canad dos Carajas 6°30'06.5”S 082074 MZUSP
XaX2Y (PA) 50°02°'35.5"W 126598

*2 - Harttia rondoni 54943 Rio Curua, 8°38'53"S 159148  MZUSP
XY Altamira (PA) 55°01°'41"W 127606

*6 - Harttia punctata 5895748 Formosa (PA) 15°19'25”S 109212¢& MZUSP
XaX2Y 47°25'26"W 111385

5 - Harttia dissidens 54243 Igarapé Tambor, 4°5'37.8”S 072258  INPA-ICT
Rurépolis (PA) 55°0°30.2"W 059577

9 - Harttia guianensis 58243 Rio Curua, 1°29'02.2”"S 069108  INPA-ICT
Alenquer (PA) 54°50'31.2"W 059584

3 - Harttia sp. 3 54904 Rio do Peixe, 08°39'20.7’S 1121548 MZUSP
Altamira (PA) 55°09'24.1"W 127605

7 - Harttia kronei 58243 Rio Acungui, 25022'44”S 109, 58 MZUSP
Campo Largo (PR)  49°39'0.8"W 109783

8 - Harttia intermontana  522/5373 Piranga river, 20°59'34.0"S 209,138 MZUSP
XY1Y2 Carandai (MG) 43°43'30.0"W 126520

Satellite DNA library, sequence analysis and primer design

The raw reads obtained after the shotgun sequencing were trimmed with Trimmomatic
127 to select pair-end reads with Q > 20 for all nucleotides. Then, the catalogs of satellite DNAs
(satellitome) of each analyzed species (i.e. H. duriventris, H. rondoni, H. punctata, and H.
villasboas) were characterized by running several iterations of the TAREAN tool 1%, each
followed by filtering out the reads with similarity to the identified satDNAs using DeconSeq %,
untii no satbNA was found. Subsequently, we performed a homology search with
RepeatMasker *° to group the sequences into variants, families, and superfamilies, as
suggested by . Abundance and divergence values of each satDNA were estimated by
masking male and female genomic libraries against the catalogs of satDNAs with
RepeatMasker 130 with the publicly available script
(https://github.com/fjruizruano/satminer/blob/master/repeat_masker_run_big.py), using
10,000,000 reads (2x5,000,000). Additionally, repeat landscapes were generated to estimate
the average divergence of satDNAs considering the distances between sequences based on
the Kimura-2-parameter model using the script calcDivergenceFromAlign.pl of the



RepeatMasker suite. Based on the abundance, satellites were named using the first letter of
the genus and the two first letters of the specific epithet (HviSat for H. villasboas, HroSat for
H. rondoni, Hdu for H. duriventris, and Hpu for H. punctata). To detect sex-specific
accumulated satDNAs, we selected those with an F/M ratio (quotient of satDNA female and
male abundances) higher than 1.2.

We searched for homology between Harttia satellitomes with the rm_homology script
131 that makes all-to-all alignments with RepeatMasker v4.0.5 1*°, For correspondent satellites
between species, we did pairwise alignments using ClustalX 32, which were manually revised.
Sequence divergence between satDNA families of each pairwise comparison was calculated
following Kimura’s two-parameter method (K2P) 23 using MEGA11 34, A consensus turnover
rate (CTR) was calculated using the CTR = K/2T equation, where T = divergence time (see
nodes in the phylogenetic tree of Figure 1) between species and K = K2P distance 1.

To check the presence of conserved satDNAs, the whole satellitome was BLAST-

searched *° against NCBI nucleotide collection. Putative open reading frames were
prospected in the satellitomes using “orfipy” 1*¢ and Geneious 7.1.3, with a minimum size of
100 bp. Identified ORFs were translated to protein sequences using SMS **” and searched
against the NCBI database using BLASTp *, following filtering for query cover and
percentage identity >70%.

In addition, we searched Repbase % for homologies with transposable elements with
RepeatMasker % with “no_low” and “no_is” options.

We searched for some satDNAs like HviSat08-4011 among the Illumina reads of
species like H. duriventris and H. punctata, from which we could not isolate its homologous
counterpart with TAREAN, using the publicly available script mapping_blat_gs.py
(https://github.com/fjruizruano/ngs-protocols/blob/master/mapping_blat_gs.py). Raw reads of
both species were mapped and quantified against every two parts described in HviSat08-4011
using the script repeat_masker_run_big.py, as described above.

Primers were designed for the eight most abundant of the total 21 satDNAs identified
in H. villasboas using the abovementioned process. We selected H. villasboas for the
construction of probes since this species has multiple X1X2Y and is more closely related to the
XY-carrier species H. rondoni (when compared to H. duriventris and H. punctata), which allows
us to infer the role of the rearrangements that occurred in the clade. The consensus sequences
for each of those satDNAs were manually investigated to design PCR primers (Supplementary
Table 1). Then, satDNAs were amplified by PCR using a starting denaturation step of 95 °C
for 5 min, 30-35 cycles with 95 °C during 20 s, with 39.1-54.2°C as annealing temperature
during 40 s, 72 °C during 30 s, and a final extension step of 10 min (Supplementary Table 1).
The resulting PCR products were checked on a 1% agarose gel to confirm the typical ladder
pattern characteristic of satDNAs (Supplementary Figure 1). Sequences were deposited on
Genbank (Access numbers: OR827473-OR827555).

Fluorescence in situ Hybridization

According to the manufacturer's instructions, the selected PCR-amplified satellites of
H. villasboas were directly labeled with Atto550-dUTP or Atto488-dUTP by Nick-Translation
(Jena Biosciences, Jena, Germany). Probes were composed of 100 ng of each labeled
satellite DNA plus 50% formamide, 2x SSC, 10% SDS, 10% dextran sulphate, and Denhardt’s
buffer at pH 7.0 in a total volume of 20 pl. FISH experiments were conducted firstly in H.
villasboas slides with every single probe, then in double-FISH for sister species H. rondoni, H.
duriventris, and H. punctata, in addition to H. dissidens, H. guianensis, and Harttia sp. 3.
Following the results of satDNAs probed on sex chromosomes, we performed whole
chromosome painting (WCP), together with a FISH mapping of these satellites, using probes



derived from microdissection of the sex chromosomes of H. punctata (HPU-X1 and HPU-X2),
as previously described in 3 and . For the investigation of sex chromosome evolution, we
included two species (H. kronei and H. intermontana) that carry the ancestral condition of the
linkage groups that compose the multiple X:XzY (i.e., both HPU-X1 and HPU-X2 located in
synteny on the same chromosome) 34. In these last two species, we mapped the HviSatDNAs
that were found accumulated in the sex chromosomes of the four main targeted species and
detected the ancestral linkage groups through WCP. Chromosomes were denatured in 70%
Formamide/2xSSC at 72 °C for 3 min, probes at 86 °C for 8 min, then cooled at 4 °C for 2 min
before being applied to slides. The hybridization was carried out for 16h in a dark, moist
chamber at 37 °C. Following a 5-min post-hybridization wash with 1xSSC at 65 °C, next with
a 4xSSC/Tween solution at room temperature. Finally, chromosomes were counterstained
with DAPI mounted in Vectashield (Vector Laboratories, Burlingame, USA). For the WCP
experiment, chromosomes were denatured as abovementioned, but the probes were
denatured at 85 °C for 8 min, cooled at 4 °C for 2 min, and pre-hybridized with the blocking
sequence (unlabeled COt-1 DNA, following 14%) at 37 °C for 1 h. Hybridization occurred for 48h
overnight at 37 °C in a dark, moist chamber. The final wash was performed using the same
procedure as described above.

Images and analysis

To confirm the 2n number, karyotype structure, and FISH results, at least 30
metaphase spreads per individual were examined. Images were captured with CoolSNAP on
an Axioplan Il microscope (Carl Zeiss Jena GmbH, Germany) and processed with ISIS
(MetaSystems Hard & Software GmbH, Altlussheim, Germany). The map was generated
using QGIS 3.32 (Lima) with a Natural Earth package and riverine information from
HydroRIVERS 42,

Data availability

Sequencing data that support the findings of this study have been deposited in
Genbank, with their accession codes OR827473-OR827555
(http://www.ncbi.nim.nih.gov/nuccore/OR827473).
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Supplementary Figure 1. Band patterns of satellites obtained by PCR with Harttia villasboas
DNA as template in Agarose 1% gel with a 1kb ladder.



Supplementary Figure 2. FISH with H. villasboas satellitome probes on female metaphase
chromosomes of Harttia villasboas (Hvi), H. rondoni (Hron), and H. duriventris (Hdur). Probes
and their respective colors are indicated in the lower right corner and species in the upper left.
Scale bar = 5 pm.



Supplementary Figure 3. FISH with H. villasboas satellitome probes on female metaphase
chromosomes of H. punctata (Hpun), H. dissidens (Hdis), H. guianensis (Hgui), and Harttia
sp. 3 (Hsp3). Probes and their respective colors are indicated in the lower right corner and
species in the upper left. Scale bar = 5 um.



H. guinnansis H. guianens)s N gulanensis

H_ intermontana H. Intermontana H. ietermontasa

Supplementary Figure 4. FISH mapping of HviSat08-4011 (first column) and sequential
WCP with HPU-X1 (second column) on species of Harttia without heteromorphic sex
chromosomes derived from the linkage group that forms the multiple sex chromosomes in the
four main target species of this study (lines). The third column correspond to both
hybridizations merged in a single image to demonstrate the congruence in the position of both
mapped probes.



Supplementary Table 1. PCR conditions (primers, temperature, and concentration of
template DNA) for the optimal amplification of satellite DNAs from Harttia villasboas genome.

Satellite Primer F Primer R Annealing temperature [DNA] ng/ul
range
HviSat01-2531 5GAAACCCA 5 CCTTCATA 56 °C - 48 °C 100
GGCAAAAGT CTCCCATGT
TCA AGCT
HviSat02-2707 5GGCTGAAT 5 CCATAATG 56 °C - 48 °C 100
TTTGCTGTG ACGTCCCTC
ACAC ACC
HviSat03-997 5’ACACTCAT 5CGGATTGT 62.9°C-58°C 100, 10, or 1
GACACTATC GCCCAGTAG
CCGT CGTT
HviSat04-2959 5TCGGCCAA 5TTCCAGAC 66 °C - 58 °C 100,10 or 1
AATACAGAC GGCTGATGG
TGCA CTTG
HviSat05-177 5’ACGAAACT 5ACACGTAC 61.4 °C-55°C 100 or 10
CGCATATGT GACTTCGGC
CGTT TTA
HviSat08-4011 5ACAGAGTC 5TCTTCTTCT 62.9°C-58°C 100,10 or1
CAAACTGAA TTTCCTCCA
GAGC CTG
HviSat13-730 5'CCACCTCT 5TTGATCAG 64.4 °C - 58 °C 100
GCAAAAACA AGGGGTGCC
AGGG GTC
HviSat18-1068 5CGTTCCGA 5AGGCGCGT 69°C - 62 °C 100
TCGGGGAGG TCGGGGGAC
TCC C




Supplementary Table 2. Satellitome catalogues of four Harttia species. For H. villasboas and
H. rondoni, the characteristics of both female and male satellitomes are displayed, while H.
duriventris and H. punctata were based only in male samples. satDNA = satellite DNA; A+T(%)
= percentage of adenine and thymine nucleotides; AM = abundance in males; AF = abundance
in females; M/F = difference between male and female catalogues; & = sum AM+AF; DivM =
divergence in males; DivF = divergence in females.

Species SatDNA  A+T  AM AF M/F 3 Div_ Div
(%) M F
Harttia HviSat0l- 57.1 0.006510 0.006858 0.9492965 0.013368 11.6 11.
villasboas 2531 51 25 017 758 9 79
HviSat02- 52.1 0.005255 0.005520 0.9520513 0.010776 3.77 3.6
2707 686 38 206 066 5

HviSat03- 39.7 0.003744 0.003781 0.9902181 0.007526 10.7 10.
997 728 72 535 449 5 81

HviSat0O4- 54.4 0.001384 0.001650 0.8388176 0.003035 7.48 7.1
2959 657 72 423 382 8

HviSat05- 65.5 0.001118 0.001236 0.9046074 0.002354 5.54 5.0
177 204 12 034 324 6

HviSat06- 68 0.000844 0.000774 1.0906256 0.001619 5.19 5.1
200 82 62 510 439 2

HviSat07- 38.7 0.000797 0.000837 0.9522667 0.001635 7.32 7.2
93 64 62 171 263 9

HviSat08- 56.2 0.000566 0.000642 0.8812338 0.001208 5.12 5.7
4011 046 33 169 379 9

HviSat09- 59.5 0.000424 0.000464 0.9135553 0.000888 5.06 4.9
815 192 33 754 522 7

HviSat10- 56.5 0.000417 0.000394 1.0593771 0.000812 9.41 11.
1666 871 45 297 32 01

HviSatll- 58.1 0.000393 0.000357 1.1012749 0.000750 4.27 4.3
1338 588 39 266 982 8

HviSatl2- 54.2 0.000366 0.000390 0.9400009 0.000757 10.9 10.
144 828 24 094 07 4 76

HviSat13- 36 0.000363 0.000418 0.8702192 0.000782 4.61 4.5
730 972 25 128 225 5

HviSatl4- 60.5 0.000351 0.000342 1.0243007 0.000693 9.76 9.8
32 162 83 323 993 8

HviSatl5- 53.1 0.000347 0.000347 1.0024863 0.000694 20.8 20.
347 879 02 247 896 1 6

HviSatl6- 60.3 0.000306 0.000329 0.9301348 0.000636 5.15 7.3
2480 566 59 259 16 1

HviSatl7- 55.1 0.000135 0.000133 1.0192599 0.000269 5.2 5.1
49 999 43 992 427 4



HviSat18- 24.2 0.000133 0.000151 0.8869528 0.000284 1.45 1.3
1068 953 03 437 979 7
HviSat19- 61.5 0.000109 0.000122 0.8908375 0.000232 12.1 11.
589 466 88 343 347 4 86
HviSat20- 68.1 0.000106 6.0566E- 1.7658675 0.000167 3.35 3.2
47 951 05 724 517 1
HviSat21- 457 9.21198E 0.000111 0.8298533 0.000203 3.15 3.1
575 -05 01 977 127 5
Harttia HroSat01- 37.6 0.003789 0.004378 0.8655121 0.008168 7.74 7.4
rondoni 93 3 909 805 83 715
HroSat02- 56.3 0.003764 0.003543 1.0623380 0.007307 11.4 11.
1662 8 020 147 85 167 3 35
HroSat03- 59.1 0.002637 0.002768 0.9527058 0.005406 9.13 8.8
372 4 919 871 57 790 8
HroSat04- 359 0.002201 0.002268 0.9705368 0.004470 3.49 3.3
920 8 956 802 74 758 8
HroSat05- 58.8 0.002185 0.002655 0.8228964 0.004840 18.4 17.
515 3 305 626 97 931 3 51
HroSat06- 557 0.002106 0.002121 0.9929090 0.004228 19.6 19.
1634 5 668 713 32 381 2 4
HroSat07- 68.4 0.001634 0.003928 0.4162000 0.005563 5.74 5.1
19 2 906 174 27 080 8
HroSat08- 60.2 0.001563 0.003237 0.4830794 0.004801 7.86 7.3
347 3 824 198 58 022 8
HroSat09- 54.4 0.001291 0.001422 0.9081230 0.002714 861 95
2961 7 713 399 61 112 9
HroSatl0- 80.9 0.001091 0.005750 0.1898459 0.006842 5.78 4.1
21 5 777 859 48 637 3
HroSatll- 25.0 0.001041 0.001381 0.7540960 0.002423 2.15 15
534 9 824 553 78 377 5
HroSatl2- 30.7 0.001006 0.001241 0.8106345 0.002248 3.42 3.3
114 0 509 631 73 139 2
HroSatl3- 58.8 0.000727 0.000592 1.2286124 0.001319 5.19 5.2
1440 2 660 262 92 922 7
HroSatl4- 56.4 0.000666 0.000920 0.7246100 0.001587 5.75 6.4
4165 2 859 301 28 160 6
HroSatl5- 34.4 0.000605 0.000661 0.9144485 0.001266 8.04 85
93 1 190 809 41 999
HroSatl6- 64.9 0.000497 0.000567 0.8771695 0.001065 4.3 3.9
177 7 806 514 5 320 1



HroSatl7- 60.3 0.000398 0.000471 0.8444966 0.000869 7.35 10.
2481 4 167 484 67 651 73
HroSatls- 61.3 0.000281 0.000275 1.0235425 0.000556 7.03 7.1
1194 9 495 020 3 515 8
HroSat19- 602 0.000270 0.000503 0.5374415 0.000773 533 5.0
815 5 435 189 31 624 9
HroSat20- 57.7 0.000257 0.000215 1.1963968 0.000473 4.19 4.1
45 8 782 465 21 247 9
HroSat2l- 60 0.000205 0.000252 0.8142172 0.000458 6.14 55
50 573 480 75 053 1
HroSat22- 62.0 0.000151 0.000174 0.8683665 0.000326 7.12 7.1
211 9 882 905 57 787 5
HroSat23- 465 0.000140 0.000091 1.5243097 0.000231 32 33
576 3 003 847 37 849 9
HroSat24- 562 0.000109 0.000123 0.8819821 0.000233 9.23 7.1
48 5 270 891 23 161
HroSat25- 57.1 0.000081 0.000132 0.6181708 0000214 8.12 8.0
35 4 886 465 38 351 4
Species SatDNA A+T Abundance Div
(%)
Harttia HduSat01-
durirenais o 52 0.005296699 3.49
HduSat02- 62.2
o 0 0.003393394 513
HduSat03- 57.1
P ; 0.00187602 11.58
HduSat04-  67.7 0.001730222 7.26
31 0
HduSat05-  37.6 0.001116687 9.71
93 0
HduSat06-  65.0
i > 0.000884022 54
HduSat07-  81.0 0.000851979 5.76
21 0
HduSat08- 55.8
pii > 0.000790658 6.04
HduSat09- 34.8
o v 0.000719605 3.39
HduSat10- 59.1
o 0 0.000559583 483



HduSat11-

60.5

v 0 0.000538898 5.5
Hdlig%lz' 5%1 0.000507084 10.65
Hdlﬁiﬂ?" 5‘(‘)-2 0.000359392 10.76
Hduggtl“' 5%-1 0.000357065 20.36
HdU5533ﬂ5' 2%-6 0.000346816 1.13
Hdulsiitlf" 2%-9 0.00030558 2.98
HdUlSS%m' 5%-0 0.000136754 11.15
Hdufgtls' 52-8 0.000132868 4.63
plt_:ﬁi:tttla?a Hpugfml' 7;-4 0.015663791 6.99
Hpuls;;toz' 63-5 0.014303394 3.62
Hpulait%' 5‘;-1 0.012200361 5.29
HP;%‘;O“' 526 0.008121138 3.18
leics)g;OS' 4%2 0.004088409 11.39
Hpulsof;toe' 4‘:3-7 0.002966126 10.25
Hpgfg(t)m' 5‘;2 0.002216664 7.56
leigjéos' 6%-0 0.001745528 7.34
Hpuggtog' 3%3 0.001719941 7.97
Hpu%itlo' 53-6 0.000967001 2.01
Hpuggtll' 53:’)’-1 0.000878637 19.3
leig%lz' 5‘4‘1-8 0.000869407 3.03



HpuSat13-
60

HpuSat14-
503

HpuSat15-
93

HpuSat16-
33

HpuSatl7-
52

HpuSat18-
680

HpuSat19-
794

71.6

58.8

62.3

60.6

53.8

60.7

63.7
3

0.000788852

0.000642217

0.000615839

0.000476905

0.000397269

0.000171358

0.000129686

4.77

5.64

6.53

6.49

13.95

7.05

55




Supplementary Table 3. Putative Open Reading Frames (ORFs) identified in the four Harttia
satellitomes, their BLASTp match (>70% Query Cover and >70% Percentage of Identity), and
the start and stop bp in the satellite sequence.

Satellite ORF BLASTp Start  Stop
HviSat02-2707 5 Uncharacterized protein from fish species 56 2456
HviSat04-2959 5 Hypothetical protein from Prochilodus magdalenae 1671 2001
HviSat04-2959 12 Putative nuclease I—_lABIl fror_n Tricho_mycteru_s rosablanca, 521 713

hypothetical protein from fish species
HviSat04-2959 14 Hypothetical protein from Prochilodus magdalenae 1901 2111
HviSat08-4011 23 ZP4-like from fish 168 384
HviSat08-4011 29 ZP4-like from fish 665 788
HviSat08-4011 34 ZP4-like from fish 808 1063
HviSat10-1666 1 Hypothetical protein from eukaryotes 21 141
Mucin-1-like from Cervus elaphus, basic proline-rich protein-like from
HviSat10-1666 11 several mammals, dual specificity protein phosphatase 18 from 615 747
Kryptolebias marmoratus
HroSat06-1634 2 Hypothetical protein from eukaryotes 124 244
Hypothetical protein, putative RNA-directed DNA polymerase from
HroSat09-2961 8 transposon BS, F-actin-uncapping protein, RAC serine/threonine- 28 181
protein kinase, all from fish
HroSat09-2961 13 Hypothetical protein from Prochilodus magdalenae 113 446
Putative nuclease HABI1 from Trichomycterus rosablanca,
. hypothetical protein from Prochilodus magdalenae, uncharacterized
HroSat09-2961 o protein from Anguilla anguilla, and putative RNA-directed DNA 1925 2117
polymerase from transposon BS from Labeo rohita
HroSat14-4165 5 ZP4-like from fish 2652 2907
HroSat14-4165 13 ZP4-like from fish 3331 3547
HroSat14-4165 19 ZP4-like from fish 2927 3050
HroSat17-2481 3 Uncharacterized protein from fish, hypothetical protein from spider 1062 1209
) Uncharacterized protein from vertebrates, hypothetical protein from
HroSat23-576 3 vertebrates, NADH dehydrogenase iron-sulfur protein 7 from rabbit 321 444
HduSat01-2707 17 Uncharacterized Fish Protein 251 2651
HduSat08-1754 7 Putative nuclease HABI1 from Trichomycterus rosablanca, 1184 1376
hypothetical protein from fish species
HduSat12-1670 10 Hypothetical protein from eukaryotes 340 460
HpuSat04-2707 12 Uncharacterized protein from fish species 277 2677
Hypothetical and uncharacterized fish proteins, zinc finger BED
domain-containing protein 4 from Anabarilius grahami, putative RNA-
directed DNA polymerase from transposon BS from Labeo rohita,
HpuSat07-2750 14 transposon Tf2-8 polyprotein from Labeo rohita, hydrocephalus- 2432 2567
inducing protein homolog from Tachysurus fulvidraco, gastrula zinc
finger protein XICGF28.1-like from Silurus meridionalis, LINE-1
retrotransposable element ORF2 protein from Labeo rohita
HpuSat07-2750 22 Hypothetical and uncharacterized fish proteins, putative RNA- 1537 1648

directed DNA polymerase from transposon BS from Labeo rohita,



Satellite ORF BLASTp Start  Stop
HviSat02-2707 5 Uncharacterized protein from fish species 56 2456
HviSat04-2959 5 Hypothetical protein from Prochilodus magdalenae 1671 2001
HviSat04-2959 12 Putative nuclease I—_lABIl fror_n Tnchqmycteru; rosablanca, 521 713

hypothetical protein from fish species
HviSat04-2959 14 Hypothetical protein from Prochilodus magdalenae 1901 2111
adhesion G protein-coupled receptor E1-like from Megalobrama
amblycephala, galactokinase isoform X1 from Phyllopteryx
taeniolatus, teneurin-3-like from Syngnathus typhle, transposon Tf2-
6 polyprotein from Labeo rohita, gastrula zinc finger protein
XICGF28.1-like from Silurus meridionalis, chloride channel protein 2b
isoform X2 from Entelurus aequoreus
. putative RNA-directed DNA polymerase from transposon BS from
HpuSat07-2750 21 Labeo rohita, hypothetical protein from Hemibagrus guttatus 1059 1230
cilia- and flagella-associated protein 46 from Pseudobagrus
HpuSat10-781 3 ichikawai, hypothetical protein from Channa argus and Tachysurus 541 673
vachellii
HpuSat12-1973 8 Uncharacterized protein from Corvus cornix cornix 1789 1936




Supplementary Tables 4-7. BLASTn results of Hvi (4), Hro (5), Hdu (6), and HpuSatDNAs
(7), respectively, with positive match in repetitive sequences. Different columns indicate
the following data: Smith-Waterman score of the match, complexity adjusted (SW);
percentage of substitutions in matching region compared to the consensus (Div); percentage
of bases opposite a gap in the query sequence (deleted bp); percentage of bases opposite a
gap in the repeat consensus (inserted bp); position in query (begin-end); strand (transcript
strand (+); complementary strand (C); matching repeat (Rep); repeat class/family (Class);
percentage of matching satDNA sequence (%), and total percentage per satDNA (Total).

Supplementary Table 4

Percentage Position
Query SW Div Del Ins Begin End Stran Rep Class % Total
d
HviSat01- 354 20.0 0.0 0.0 78 137 C tRNA-Val- tRNA 2,33
2531 GTG
HviSat01- 573 110 0.0 00 264 336 C tRNA-Val- tRNA 2,84
2531 GTG
HviSat01- 405 183 00 0.0 1868 1938 C tRNA-Asp- tRNA 2,77
2531 GAY
HviSat01- 420 194 0.0 0.0 2438 2509 C tRNA-Asp- tRNA 2,81 10,75
2531 GAY
HviSat02- 5446 299 00 26 1 2403 + Penelope- LINE/Penelope 88,73
2707 5 XT
HviSat02- 355 247 00 2.0 2551 2699 + Penelope- LINE/Penelope 547 94,20
2707 5 XT
HviSat04- 4989 28.6 2.4 1.9 54 2055 + Rex1- LINE/Rex-Babar 67,62
2959 3_EL
HviSat04- 338 27.1 9.3 0.0 2233 2302 + tRNA-Ile- tRNA 2,33
2959 ATC
HviSat04- 591 9.6 51 0.0 2423 2495 C tRNA-Ala- tRNA 2,43
2959 GCY
HviSat04- 302 268 00 11 2869 2955 + Mariner- DNA/TcMar- 2,91
2959 N4_SSa ISRm11
HviSat04- 568 7.2 0.0 0.0 2891 2959 + tRNA-lle- tRNA 2,30 77,59
2959 ATT
HviSat06- 370 45 34 10 1 197 + MOSAT_D SatDNA 98,00 98,00
200 7 R
HviSat09- 597 4.3 0.0 0.0 1 70 + tRNA-Gly- tRNA 8,47
815 GGY
HviSat09- 385 23.8 30.7 0.0 71 84 + DNA- DNA 1,60 10,06
815 1 Gav
HviSat10- 646 4.9 0.0 0.0 46 127 + Nimb- LINE/ 4,86
1666 4 DR
HviSat10- 595 10.8 0.0 0.0 633 715 C tRNA-Leu- tRNA 4,92
1666 CTG
HviSat10- 349 171 136 0.0 1516 1585 C Nimb- LINE/I 4,14 13,93
1666 4 DR
HviSat11- 629 0.0 0.0 0.0 250 322 + tRNA- tRNA 5,38 5,38
1338 3_DRe
HviSat16- 628 4.2 0.0 0.0 12 83 + tRNA-Gly- tRNA 2,86
2480 GGA
HviSat16- 275 26.1 0.0 0.0 519 587 + tRNA-Lys- tRNA 2,74
2480 AAA
HviSat16- 600 5.6 0.0 0.0 748 819 C tRNA-Trp- tRNA 2,86
2480 TGG
HviSat16- 397 19.0 0.0 3.7 1704 1785 + tRNA- tRNA 3,27
2480 1 DRe
HviSat16- 630 6.7 0.0 0.0 1723 1797 + tRNA-Lys- tRNA 2,98
2480 AAA
HviSat16- 249  30.3 5.7 1.0 1798 1822 + Ves2_ML SINE/tRNA 0,97 15,69
2480
HviSat19- 359 219 6.8 0.0 55 75 C tRNA- tRNA 3,40
589 3_DRe
HviSat19- 363 20.8 0.0 0.0 76 147 C tRNA-Arg- tRNA 12,09
589 CGY
HviSat19- 397 15.2 8.0 5.2 361 457 C tRNA- tRNA 16,30 31,75
589 3_DRe
HviSat21- 596 8.8 0.0 0.0 5 84 + tRNA- tRNA 13,74
575 1 DRe
HviSat21- 665 0.0 0.0 0.0 320 393 C tRNA-Asn- tRNA 12,70 26,43

575 AAC




Supplementary Table 5

Percentage Position

Query SW Div Del Ins Begin End Strand Rep Class % Total
HroSat02-1662 592 5.6 0.0 0.0 28 99 + tRNA-Asp- tRNA 4,27
HroSat02-1662 523 151 0.0 0.0 1344 1416 + tRl\(lB:\\(/al- tRNA 4,33
HroSat02-1662 244 264 71 11 1350 1441 + SINCI;E-I;I%RZ SINEARNA 5,47
HroSat02-1662 531 12.3 0.0 0.0 1523 1595 + tRNA-Val- -\t/R;R\ILE 4,33 18,41
HroSat03-372 359 20.6 0.0 0.0 89 151 C tRl\(l;;-\\(/al- tRNA 16,66
HroSat03-372 458 167 0.0 0.0 290 361 C tRl\?ATCA;sp- tRNA 19,08 35,75
HroSat05-515 411 16.1 0.0 0.0 32 93 + tRl\(l;A/_\-T/al- tRNA 11,84
HroSat05-515 225 154 49 0.0 66 104 c G%Jy- LTR/Gypsy 7,37

11_XL-LTR

HroSat05-515 375 214 00 00 178 247 + tRNA-Val- tRNA 13,39
HroSat05-515 371 188 0.0 0.0 335 398 + tRI\?ATSsp- tRNA 12,23 44,85
HroSat06-1634 673 3.7 0.0 0.0 149 230 + Nim?)ﬁltDR LINE/ 4,95
HroSat06-1634 615 9.6 0.0 0.0 723 805 C tRNA-Leu- tRNA 5,01 9,97
HroSat09-2961 1870 27.5 0.0 0.8 2 500 + RE)SI.TS_DR LINE/Rex- 16,81
HroSat09-2961 337 271 0.0 0.0 678 747 + tRNA-lle- ?Slt\)lir 2,33
HroSat09-2961 591 9.6 0.0 0.0 868 940 C tRl@I—ila- tRNA 2,43
HroSat09-2961 603 8.1 0.0 00 1336 1409 + tR(N;,CA:-YIIe- tRNA 2,46
HroSat09-2961 563 18.1 0.0 1.1 1340 1434 + TglfSTI-II\-IEl SINE/tRNA 3,17
HroSat09-2961 3250 28.3 6.7 2.4 1449 2961 + Rex1-3_EL LII\-I(élFla?lex- 51,06 78,28
HroSat13-1440 629 0.0 0.0 0.0 7 79 C tRNA- ?F?l?lir 5
HroSat13-1440 323 26.6 1.3 11. 614 787 + Ssg'll?j)j/l Satellite 12,01 17,01
HroSat17-2481 256 32.0 4.8 0?0 103 130 C Ves2_ML SINE/tRNA 1,08
HroSat17-2481 623 4.2 0.0 0.0 131 202 C tRNA-Lys- tRNA 2,86
HroSat17-2481 398 167 13 49 140 221 C téﬁlﬁ tRNA 3,26
HroSat17-2481 611 5.6 0.0 0.0 1104 1175 + tRll\_IAD\-RI'?p- tRNA 2,86
HroSat17-2481 275 26.1 00 0.0 1336 1404 C tRl;erG\fys— tRNA 2,74
HroSat17-2481 333 257 00 13 1622 1696 C tRl\’lAAéAGIy— tRNA 2,98
HroSat17-2481 628 4.2 0.0 0.0 1840 1911 C tRI\CI;,EéIy- tRNA 2,86 18,66
HroSat18-1194 281 231 00 0.0 212 276 C S?I\IGEAZ— SINE/tRNA 5,36
HroSat18-1194 471 20.2 1.0 39 791 893 C :I‘Lliﬁic tRNA 8,54
HroSat18-1194 620 4.2 00 0.0 1109 1180 C ?ﬁﬁie tRNA 5,94 19,84
HroSat19-815 379 24.7 1.2 0.0 12 25 C DN3A-2?gav DNA 1,59
HroSat19-815 564 8.4 0.0 0.0 26 96 C tRNA-Gly- tRNA 8,58 10,18
HroSat23-576 596 8.8 0.0 0.0 60 139 + th\A( tRNA 13,71
HroSat23-576 665 0.0 0.0 0.0 375 448 C tR]l-\I_AI\D-ign- tRNA 12,67 26,38

AAC




Supplementary Table 6

Percentage Position
Query SW Div Del Ins Begin End Strand Rep Class % Total
HduSat01-2707 355 247 9.3 20 9 157 C Penelope- LINE/Penel 5,47
5 XT ope
HduSat01-2707 5420 30.2 2.3 2.6 305 2707 C Penelope- LINE/Penel 88,73 94,20
5 XT ope
HduSat03-2143 531 151 0.0 0.0 1532 1604 + tRNA-Val- tRNA 3,36
GTG
HduSat03-2143 268 253 7.1 1.1 1538 1629 + SINE_FR2 SINE/tRNA 4,25
-V-RTE
HduSat03-2143 323 236 1.4 0.0 1711 1782 + tRNA-Val- tRNA 3,31
GTY
HduSat03-2143 404 183 0.0 0.0 2073 2143 + tRNA-Asp- tRNA 3,27 14,19
GAY
HduSat08-1754 569 10.8 0.0 0.0 139 212 C tRNA-lle-ATT tRNA 4,16
HduSat08-1754 285 284 3.6 1.2 148 229 C Mariner- DNA/TcMar 4,62
N4_SSa -ISRm11
HduSat08-1754 264 219 47 2.4 596 606 C tRNA-2_DRe tRNA 0,57
HduSat08-1754 591 9.6 0.0 0.0 607 679 + tRNA-Ala- tRNA 4,10
GCY
HduSat08-1754 364 257 0.0 0.0 800 869 C tRNA-lle-ATC tRNA 3,93
HduSat08-1754 1370 306 3.9 3.2 990 1732 C Rex1-3_EL LINE/Rex- 42,30 59,69
Babar
HduSat10-1449 318 256 1.3 1.3 483 561 C SAT_LM Satellite 5,38
HduSat10-1449 605 2.7 0.0 0.0 1197 1269 + tRNA-3_DRe tRNA 4,97
HduSat10-1449 237 275 0.0 24 1198 1279 C LTR10A_BT LTR/ERV1 5,59 15,94
HduSat11-815 458 164 0.0 0.0 742 814 + tRNA-Gly- tRNA 8,83 8,83
GGY
HduSat12-1670 661 4.9 0.0 0.0 355 436 C Nimb-4_DR LINE/ 4,85
HduSat12-1670 340 19.2 13.1 0.0 563 635 + tRNA-Ser- tRNA 4,31
AGY
HduSat12-1670 615 9.6 0.0 0.0 1435 1517 + tRNA-Leu- tRNA 4,91 14,07
CTG
HduSat17-150 279 21.2 39 20 43 143 C Helitron- RC/Helitron 66,67 66,67

2_ DR




Supplementary Table 7

Percentage Position
Query SW Div Del Ins Begin End Strand Rep Class % Total
HpuSat04-2707 355 21.8 7.3 2.3 4 183 C Penelope- LINE/Penel 6,61
5 XT ope
HpuSat04-2707 5241 308 22 25 331 2707 C Penelope- LINE/Penel 87,77 94,38
5 XT ope
HpuSat07-2750 482 5.2 0.0 0.0 1 58 C tRNA-lle-ATT tRNA 2,07
HpuSat07-2750 541 137 0.0 0.0 462 534 + tRNA-Ala- tRNA 2,62
GCY
HpuSat07-2750 275 20.6 1.6 0.0 910 972 C REX1-5_DR LINE/Rex- 2,25
Babar
HpuSat07-2750 4491 284 38 1.8 984 2595 C Rex1-3_EL LINE/Rex- 58,58 65,53
Babar
HpuSat08-1546 286 277 0.0 0.0 555 619 + SAT_LM Satellite 4,14
HpuSat08-1546 656 3.5 0.0 2.3 781 867 C tRNA-3_DRe tRNA 5,56 9,70
HpuSat10-781 604 4.2 0.0 0.0 557 627 C tRNA-Gly- tRNA 8,96
GGY
HpuSat10-781 287 17.4 4.2 2.8 565 635 C Bov-tA2 SINE/tRNA 8,96 17,93
-Core-RTE
HpuSat12-1973 646 4.1 0.0 0.0 1475 1547 + tRNA-Val- tRNA 3,65
GTG
HpuSat12-1973 228 27.8 5.3 2.2 1481 1572 + SINE_TE SINE/tRNA 4,61
-V
HpuSat12-1973 569 9.6 0.0 0.0 1655 1727 + tRNA-Val- tRNA 3,65
GTG
HpuSat12-1973 592 5.6 0.0 0.0 1821 1892 + tRNA-Asp- tRNA 3,60 15,51
GAY
HpuSat19-794 635 2.8 0.0 0.0 159 230 + tRNA-Arg- tRNA 8,94
AGG
HpuSat19-794 233 215 5.8 4.4 239 306 + tRNA-Met-i tRNA 8,44 17,38
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biodiversidade, em especia no papel dos cromossomos e do sexo neste processo. Fruto
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