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RESUMO

Cromossomos sexuais se apresentam como entidades dinamicas dentro de um
genoma, com evolugdo, morfologia e conteudo genético unicos, e tendo evoluido de
maneiras independentes dentro dos grupos de vertebrados. No caso dos peixes,
apesar da maioria das espécies nao apresentarem cromossomos sexuais
diferenciados, existe uma enorme diversidade de mecanismos cromossOmicos para
a determinagédo do sexo, incluindo fémeas ou machos heterogaméticos e sistemas
simples ou multiplos. Na maioria dos casos, a diferenga entre os homologos sexuais
envolve blocos heterocromaticos, sendo bem estabelecidos em sistemas do tipo ZZ/
ZW em que perda ou ganho de heterocromatina sado as principais causas de
diferenciagcdo entre estes cromossomos. O género Megaleporinus, pertencente a
familia Anostomidae e com cromossomo heteromérfico W, é um modelo interessante
para estudo da evolucdo e selegcdo desta heterogametia, especialmente pela alta
quantidade de sequéncias repetitivas presente em seus cromossomos sexuais e a
possivel implicacdo na diferenciagcao destes. Assim, no presente trabalho, a analise
feita de elementos repetitivos pelo RepeatExplorer na fémea de Megaleporinus
elongatus mostrou que esta possuiu 22.2% dos reads aleatérios de seu genoma
constituidos por DNAs repetitivos, sendo 5.6% correspondentes a DNAs satélites.
Foram isolados 69 variantes de DNAs satélites da fémea, com tamanhos entre 20pb
e 245pb, que foram caracterizados e validados experimentalmente. Por fim, estes
foram mapeados através de hibridacédo in situ fluorescente nos cromossomos da
espécie. Os 16 variantes de DNAs satélites com sinais conspicuo de hibridagao
estavam entre os mais abundantes do genoma e com excegao de 3, estes satélites
clusterizados estavam presentes no cromossomo heteromoérfico W. Apesar de
poucos estarem em relagédo ao total isolado estarem hibridados no cromossomo
sexual, estes se mostram bem representativos e bem distribuidos no braco q do
cromossomo sexual, denotando sua composicdo variada e acumulo de repeticoes
abundantes no seu pouco tempo de evolugdo. Estes mesmos DNAs satélites
hibridados em M. elongatus foram mapeados em Megaleporinus macrocephalus,
demonstrando a variavel distribuicdo destes satélites quando comparando os
cromossomos W das duas espécies, e em Leporinus friderici, onde a auséncia de
variantes clusterizados demonstra o acumulo mais abundante e diferenciado nas
espeécies que possuem o cromossomo heteromérfico. Os dados obtidos fornecem
mais informagdes sobre as caracteristicas e a organizacdo dos DNAs satélites do
genoma da espécie de estudo, bem como auxilia a elucidar a distribuicdo e
incidéncia deste tipo de sequéncias repetitivas no cromossomo sexual heteromorfico
do género Megaleporinus.

Palavras-chave: Cromossomo sexual; conteudo DNAs repetitivos; satelitoma; FISH;
Characiformes



ABSTRACT

Sex chromosomes are dynamic entities inside a genome, presenting unique
evolution, morphology and genetic content and having evolved independently within
vertebrates. In fish, although most species do not present differentiated sex
chromosomes, there is an enormous diversity of chromosomic mechanisms for
sexual determination that may include female or male heterogamety and simple or
multiple sexual systems. In most cases, the difference between sexual homologues
involve heterochromatic blocks and this fact is well established in species with the
ZZ/ZW system, in which the gain or loss of heterochromatin is the main cause for
chromosome differentiation. The genus Megaleporinus, from the Anostomidae family
and with a ZZ/ZW sexual system, is an interesting model for studies of evolution and
selection of sex chromosomes in fish, especially because the presence of
heteromorphic sex chromosomes is restricted to just a few species of the genus and
there is a high quantity of repetitive sequences in their chromosomes. In the present
work, the analysis of Megaleporinus elongatus female genome repetitive content by
RepeatExplorer returned 22.2% of its analysed reads constituted of repetitive DNA.
From this, 5.6% correspondes to satellite DNA, and 69 satDNA variants were isolated
and manually annotated, with sizes ranging from 20bp to 245bp, and validated
through PCR. These variants were mapped through fluorescent in situ hybridisation
on the species’ chromosomes. The 16 satellites that had conspicuous hybridisation
signals were amongst the most abundant satellites in the female analysed genome
reads, with exception of three of them. The signals on the W chromosome were
distributed in a variable way throughout its q arm and although few variants were
clustered, in comparison to the amount isolated through annotation, this
chromosome’s composition shows a relevant diversity and accumulation of repetitive
content in the fast evolution process of its sex system. These same satDNA variants
were physically mapped in M. macrocephalus, which showed a diverse distribution in
this species’ W chromosome in comparison to M. elongatus; and Leporinus friderici,
where the absence of clustered satDNAs denotes the lack of abundant repetitions in
this species and reiterates the high degree of satDNA accumulation on the
Megaleporinus genus and its heteromorphic chromosome. The data obtained in this
work offers more information about satDNA characteristics and organisation of the
studied species, as well as helps clarify the distribution and incidence of these
repetitive sequences in the heteromorphic sex chromosome throughout the genus as
a whole.

Keywords : Sex chromosome; repetitive DNA content; satellitome; FISH,;
Characiformes.
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INTRODUGAO

1.1 Consideragdes sobre Cromossomos Sexuais em Peixes

O conhecimento sobre a origem e a evolugdo de cromossomos sexuais tem
sido alvo de pesquisas na Biologia desde sua descoberta, mas ainda ha muito que
se acrescentar ao conhecimento relacionado a estas unidades genéticas complexas.
A evolugédo de sistemas de cromossomos sexuais acontece de maneira diversa e
independente ao longo dos grupos de organismos (BULL, 1983; GRAVES;
PEICHEL, 2010), e seu surgimento é atribuido a partir de um cromossomo
autossbmico. Este adquire genes determinantes de caracteristicas sexuais e/ou
genes supressores do sexo oposto e pode tornar-se diferente de seu homadlogo e do
restante do cariétipo, tanto em estrutura quanto em conteudo genético
(CHARLESWORTH et al. 2005; GRAVES, 2008).

Para os organismos que apresentam sistemas de cromossomos sexuais bem
definidos, podem ser observados dois tipos de heterogametia cromossdmica: a
feminina, com o sistema ZW, na qual as fémeas possuem exclusivamente o
cromossomo W; e a masculina, com o sistema XY, em que 0 Y é exclusivo do macho
(WHITE, 1977; DE ALMEIDA-TOLEDO; FORESTI, 2001; OGATA et al. 2008,
GRAVES et al. 2008). No sistema simples de cromossomos sexuais existem dois
cromossomos distintos, dos tipos XY ou ZW no sexo heterogamético, e dois
idénticos, XX ou ZZ, no sexo homogamético. Podem ocorrer, no entanto, variantes
multiplas destes dois modelos de heterogametia como sistemas Z1W1Z2W2; X1X2Y;
XY1Y2; XO, dentre outros (BERTOLLO et al. 1997; RENS et al. 2004; CENTOFANTE
et al. 2006; CRUZ et al. 2011; VALENTIM et al. 2013; GAZONI et al. 2018). Para
estes sistemas multiplos, tem-se no cariétipo mais de um cromossomo X ou Z, e/ou
mais de um Y ou W, como resultado de rearranjos estruturais (fusdes, fissdes ou
translocagdes) partindo dos sistemas simples (DE ALMEIDA-TOLEDO; FORESTI,
2001; GRUETZNER et al. 2008; ELLEGREN, 2011).

Um evento considerado responsavel pelo processo de diferenciacdo dos

sistemas heterogaméticos € a supressdo de recombinagédo entre 0s cromossomos



homodlogos. Esta supressdo evita a perda dos genes determinantes do sexo
diferenciados ao longo da evolugdo, mantendo a modificagdo e garantindo a
identidade do cromossomo sexual heteromérfico, tornando-o diferente de seu par
(CHARLESWORTH et al. 2005; WRIGHT et al. 2016). A supressao de recombinag¢ao
estd diretamente relacionada com o acumulo de heterocromatina do cromossomo
diferenciado e ao consequente acumulo de sequéncias repetitivas (ELLEGREN,
2011; SCHARTL et al. 2016; WRIGHT et al. 2016).

Esta relacdo entre eventos de supressdao e a formacdo de cromossomos
sexuais diferenciados ja foi documentada em espécies dos mais diversos grupos de
organismos, demonstrando a influéncia da presenca dos elementos repetitivos nas
modificagdes cariotipicas, € consequentemente genotipicas, de diversas espécies
(CHARLESWORTH et al. 2005; CIOFFI; BERTOLLO, 2012; EZAZ et al. 2013;
PALACIOS-GIMENEZ et al. 2013; EZAZ; DEAKIN, 2014; EZAZ et al. 2016).

O grande acumulo de DNAs repetitivos € relacionado por muitos autores
aqueles cromossomos sexuais que recentemente passaram a se diferenciar (EZAZ
et al. 2006; MANK; AVISE, 2009). Muitas espécies do grupo dos peixes e dos
anfibios, por exemplo, possuem cromossomos sexuais em diferentes estagios de
diferenciag¢ao, sendo considerados mais recentes em relagcéo aqueles de mamiferos
e aves (MANK et al. 2006). Os cromossomos destes grupos podem justamente
beneficiar estudos evolutivos de cromossomos sexuais em geral, especialmente os
diferenciados, além de auxiliar no entendimento das possiveis forgas evolutivas por
tras desta diferenciacdo (GRAVES et al. 2008, WRIGHT et al. 2016).

Em se tratando dos peixes, os mecanismos de determinagdo sexual genética
sdo altamente labeis. A aparicdo de novos cromossomos sexuais pode acontecer
repetidas vezes dentro de uma familia ou até mesmo de um mesmo género (MANK;
AVISE, 2009; ELLEGREN, 2011). Em muitas espécies estudadas até o momento, os
cromossomos sexuais sdo considerados homomorficos, ndo sendo
morfologicamente diferenciados entre si. Para aqueles que possuem cromossomos
sexuais diferenciados, estes podem se apresentar como determinantes do sexo

feminino (heterogametia feminina) ou masculino (heterogametia masculina) e



estarem organizados em sistemas simples ou multiplos, implicando uma alta
diversidade na evolugdo dos sistemas sexuais nesses organismos (DEVLIN
NAGAHAMA, 2002; SCHARTL, 2004; HERPIN; SCHARTL, 2009;
CHARLESWORTH; MANK, 2010). A diversidade da estrutura cromossémica dos
cromossomos sexuais de peixes € atribuida ao acumulo e ao dinamismo dos
elementos repetitivos presentes em seus genomas (KONDO et al. 2004; PEICHEL et
al. 2004; YANO et al. 2017).

Sendo o grupo de vertebrados mais diverso, com mais de 33000 espécies
registradas até o momento (FROSE; PAULY, 2018), os peixes podem auxiliar no
estudo da evolugdo de sistemas sexuais tanto para seu grupo, quanto para
vertebrados em geral. Tomar conhecimento sobre os sistemas sexuais em peixes
pode trazer base para o entendimento de determinagdo sexual como um todo (seja
ambiental, seja genética) e para fornecer informagdes acerca do quao diversificados
estes processos podem ser nos vertebrados, aquém dos cromossomos sexuais bem
conservados de mamiferos e aves (DEVLIN; NAGAHAMA, 2002). O entendimento
da biologia reprodutiva e dos diversos mecanismos que controlam as caracteristicas
sexuais também abrange o valor ecolégico de manejo mais eficiente das espécies, e

do valor econémico agregado a piscicultura e as técnicas de reprodugéo.

1.2 Citogenética do género de peixes Megaleporinus

Os peixes da familia Anostomidae possuem uma estrutura cariotipica
conservada entre seus 15 géneros descritos, com numero diploide 2n=54
cromossomos. A morfologia cromossémica também é bem similar entre suas
espécies, com cromossomos essencialmente metacéntricos e submetacéntricos,

sugerindo uma estrutura relativamente antiga para a mesma (GALETTI et al. 1991).

O género Leporinus possui o0 maior numero de espécies da familia, com
aproximadamente 90 espécies descritas no total até o momento (GALETTI et al.
1991; BURNS et al. 2014; RAMIREZ et al. 2016). Conhecidos popularmente como
Piau e Piapara, possuem ampla distribuicdo pela regido neotropical e sdo peixes

conhecidos pelo seu valor comercial para a pesca. O género Leporinus foi
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recentemente desmembrado por Ramirez e colaboradores (2017) e algumas
espeécies, inclusive a do foco deste presente trabalho, foram reclassificadas no

género Megaleporinus.

Em 2017, Ramirez e colaboradores reclassificaram algumas espécies do
grupo, colocando aquelas que possuem sistema de cromossomos sexuais do tipo
ZZ/ZW para um novo género, nomeado de Megaleporinus. Nove espécies
anteriormente classificadas como Leporinus (Leporinus elongatus, L. muyscorum, L.
obtusidens, L. brinco, L. conirostris, L. trifasciatus, L. macrocephalus, L. piavussu e
L. reinhardti), juntamente da espécie Hypomasticus garmani, foram agrupadas no
novo género Megaleporinus. 1sso se deu gracas a presenga do cromossomo sexual
heteromérfico nas fémeas destas espécies e a caracteristicas morfolégicas
discrepantes ao restante dos Leporinus, como, por exemplo, maior tamanho
corpéreo e formulagdo da dentigdo diferenciada. O género Leporinus foi, entao,
dividido pelos autores em duas linhagens distintas, uma essencialmente contendo as
espécies que possuem o cromossomo W e a outra, que permaneceu como
Leporinus, com espécies que nao possuem sistema de cromossomos sexuais
diferenciados (RAMIREZ et al. 2017).

O género Megaleporinus tém sido foco de diversos estudos citogenéticos por
conta da presenga de um sistema de cromossomos sexuais com heterogamia
feminina (ZZ/ZW) em suas sete espécies (GALETTI, LIMA; VENERE, 1995;
VENERE et al. 2004; RAMIREZ et al. 2017). O cromossomo heteromoérfico W, de
tamanho grande e subtelocéntrico, se mostra altamente heterocromatico; diferente
do cromossomo Z, que mantém seu tamanho semelhante aos cromossomos
autossOmicos e apresenta somente a terca parte distal de seu brago longo
heterocromatica (NAKAYAMA et al. 1994; GALETTI et al., 1995; PARISE-MALTEMPI
et al. 2007; HASHIMOTO et al. 2009) (Figura 1).
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Figura 1 - Cariétipo 2n=54 cromossomos de fémea de Megaleporinus elongatus.
Em destaque estdo o par 2 na caixa branca, com impregnag¢ao por prata para
evidéncia da regido organizadora do Nucléolo (NOR); pares 10 e 17 com sinais
de hibridagao in situ fluorescente (FISH) para 5S rDNA; e par sexual com o W
heteromérfico ao canto inferior direito. Fonte: Adaptado de Martins e Galetti
(1999).

Os cromossomos sexuais W das espécies de Megaleporinus apresentam alto
grau de similaridade em relagdo ao seu tamanho, a posicdo do centrébmero e a
quantidade de heterocromatina, o que indica uma provavel evolugao desse sistema
a partir de um mesmo par cromossémico ancestral (GALETTI et al. 1995;
POLTRONIERI et al. 2014). E aceita a hipétese do acimulo de elementos repetitivos
no cromossomo W como um dos maiores responsaveis pela diferenciacdo dos
Cromossomos sexuais no género, e muito provavelmente na familia Anostomidae
como um todo (NAKAYAMA et al. 1994; PARISE-MALTEMPI et al. 2007). Dados
obtidos por meio de técnicas de citogenética molecular da composi¢gdo dos
cromossomos W das espécies deste género, no entanto, mostram que eles diferem
quanto ao conteudo e distribuicdo das sequéncias repetitivas. Isto denota um grau
de complexidade no que concerne a formagédo deste cromossomo sexual ao longo
das espécies proximas, apesar da possivel origem comum atribuida a eles
(NAKAYAMA et al. 1994; MOLINA; GALETTI, 2007; PARISE-MALTEMPI et al. 2007;
DA SILVA et al. 2012; POLTRONIERI et al. 2014).

Diversos estudos ja focaram no isolamento e caracterizacdo de elementos
repetitivos presentes no cromossomo W de espécies do género, bem como as
possiveis correlagdes entre a presenca de heterocromatina constitutiva abundante e
a diferenciacdo deste cromossomo. Estes estudos iniciaram a analise do potencial

de se atrelar analises moleculares destes elementos repetitivos no cariétipo de
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espécies de Anostomidae e a evolugao de seus cromossomos sexuais (NAKAYAMA
et al. 1994; KOEHLER et al. 1997; FERREIRA et al. 2007; PARISE-MALTEMPI et al.
2007; HASHIMOTO et al. 2009; DA SILVA et al. 2012; POLTRONIERI et al. 2014).

Nakayama e colaboradores (1994), por exemplo, isolaram dois DNAs
repetitivos da espécie M. elongatus (entdo nomeada L. elongatus), tendo um deles
hibridado especificamente no cromossomo W das fémeas da espécie. No entanto,
trés individuos ZW né&o tiveram seus cromossomos W marcados pela sonda,
sugerindo que estes cromossomos sexuais atipicos teriam perdido essas regides
através de eventos de recombinagdo entre os cromossomos Z e W. Koehler e
colaboradores (1997) isolaram um satélite de 483pb de individuos de M. obtusidens
(entdo nomeada L. obtusidens) que foi hibridado em metafases mitéticas de
individuos da mesma espécie, bem como em individuos de M. elongatus, revelando
a presenca deste satélite na regido pericentromérica de um unico par de

cromossomos em ambas as espécies, tornando-o um util marcador para o género.

Com o uso de técnicas de digestdo com enzimas de restricdo, Parise-
Maltempi e colaboradores (2007) isolaram do genoma de M. elongatus um elemento
repetitivo de aproximadamente 650pb, denominado LeSpel. Utilizando esta
sequéncia como sonda em experimentos de hibridagdo in situ, os autores
observaram marcagdes muito semelhantes no cromossomo W da espécie e em um
dos homdlogos de um par autossémico. Nas metafases de machos, os sinais

apareciam na regiao subtelomérica de um par de homdélogos (Figura 2).
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Figura 2 - Cromossomos sexuais multiplos de macho e fémea de M. elongatus.
Hibridacdo in situ fluorescente da sequéncia repetitiva LeSpel e seus padrdes de
hibridagcdo no cromossomo sexual heteromérfico (W1) € no par 2 com a NOR na
fémea; e com marcagdes subteloméricas no par da NOR no macho. A técnica de
bandamento C evidencia o cromossomo Wi com o brago longo altamente
heterocromatico, e as regides de acumulo de heterocromatina no par designado
Z>W2, Impregnacgao por prata demonstra a NOR nos pares multiplos. Fonte: adaptado
de Parise-Maltempi et al. (2007).

Male Female
2121 2222 Z1W1 Z2W:2

C-banding 44 A .. it

Ag-NoR i W .‘ i

Os resultados obtidos fizeram com que os autores levantassem a suspeita da
existéncia de um sistema multiplo de cromossomos sexuais, do tipo Z1Z1Z2Z2/
Z1W1Z2W2, sugerindo que esses cromossomos ainda estdo em processo de

diferenciagao nesta espécie.

Marreta e colaboradores (2012) demonstraram um padréo sexo-especifico de
distribuicdo de LeSpel, demarcando sua relagdo com a diferenciagdo do
cromossomo W de M. elongatus, bem como das espécies proximas M.
macrocephalus e M. obtusidens (que também possuem o sistema ZZ/ZW). Os
padroes de marcacdo de LeSpel entre os cromossomos W analisados, apesar de
similares, ndo se mostraram idénticos entre estas espécies de Megaleporinus,
indicando que processos evolutivos diferentes podem ter ocorrido entre a sequéncia
repetitiva das mesmas. Além disso, a fémea de Megaleporinus elongatus foi a Unica
que apresentou sinais em segundo par cromossdmico (correspondendo a ZxW»),
reafirmando a proposicdo de Parise e colaboradores (2007). A auséncia da
sequéncia na espécie Leporinus friderici, que ndo possui cromossomos sexuais, foi
interpretada pelos autores como LeSpel sendo uma sequéncia repetitiva associada
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a diferenciagdo dos cromossomos sexuais do género. Estas mesmas sequéncias
foram uteis na discriminagcao de hibridos especificos de M. macrocephalus e M.

elongatus em sistemas de piscicultura (HASHIMOTO et al. 2009).

Um outro fragmento repetitivo, nomeado de LeSpell, foi isolado de
Megaleporinus elongatus e hibridado em metafases de individuos da espécie, bem
como de espécies proximas que possuem cromossomos sexuais (M.
macrocephalus, M. obtusidens) e espécies que nao os possuem (L. striatus, L.
friderici, Schizodon borellii, S. isognathus). Os resultados mostraram marcagdes
positivas em todos 0s cromossomos para as especies que possuem Cromossomos
sexuais diferenciados (M. elongatus, M. macrocephalus, M. obtusidens), exceto nos
cromossomos sexuais de M. elongatus, ficando estes sinais restritos aos
cromossomos autossdmicos. Os autores sugerem que a auséncia de LeSpell nos
cromossomos sexuais (W1, Z2 e W2) da fémea de M. elongatus pode estar
relacionada com o acumulo e fixagdo de outras sequéncias repetitivas. Isto geraria a
subsequente diferenciacdo do sistema sexual para um sistema multiplo, tendo
promovido rearranjos cromossOmicos e modificagdes cariotipicas diferenciadas em

relacédo as outras espécies do género (DA SILVA et al. 2012).

O mapeamento de um fragmento repetitivo de 378pb denominado Smal,
isolado com enzima de restricao, revelou sinais especificos para individuos de M.
elongatus; diferente de LeSpel (PARISE-MALTEMPI et al. 2007), presente também
em espécies proximas do género. Este fragmento foi, entdo, mapeado pelos autores
via hibridagdo in situ fluorescente e localizado junto a regido organizadora do
nucléolo (NOR) em ambos os sexos. Puderam observar diferengas quanto a
distribuicdo de heterocromatina entre M. elongatus e outros Megaleporinus,
novamente apontado para a variabilidade de sequéncias repetitivas presentes nos

cromossomos das mesmas (DA SILVA et al. 2013).

Uma sonda derivada da microdissec¢ao do cromossomo heteromoérfico W de
M. elongatus foi isolada por Parise-Maltempi e colaboradores (2013). Esta foi
utilizada para analise da possivel hibridagdo da mesma nos cromossomos de outras

espécies do género. A sonda foi hibridada em cromossomos W das espécies M.
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macrocephalus e M. obtusidens, e ndo mostrou sinais de marcagao em outras
quatro espécies de Anostomidae analisadas que nao possuem Cromossomos
sexuais definidos. E interessante destacar que os autores também encontraram
sinais de hibridagdo nos cromossomos Z destas outras duas espécies, mas ndo no
cromossomo Z de nenhum dos sexos do proprio M. elongatus. Esta provavel falta de
compartilhamento de sequéncias repetitivas entre os cromossomos Z e W de M.
elongatus reafirma a probabilidade de estarem em um diferente estagio de

diferenciagdo em comparagao com as espécies proximas.

O mapeamento de microssatélites especificos ((A)30, (C)30, (CA)15, (GC)15,
(GA)15, (GAA)10, (CAG)10, e (CAT)10) para localizagdo cromossémica dos mesmos
em quatro espécies de Megaleporinus (M. elongatus, M. obtusidens, M. conirostris e
M. reinhardti) e andlises comparativas de seu acumulo nos cromossomos sexuais foi
realizado por Poltronieri e colaboradores (2014), reiterando o grande acumulo de
DNAs satélites no cromossomo W das mesmas. Novamente, a relacdo entre
heterocromatinizagao e presenca de sequéncias repetitivas em tandem e a evolugao
do sistema sexual no género foi validada, demonstrando a variedade de
distribuicbes destas sequéncias entre as espécies analisadas, com marcagdes

discrepantes entre os cromossomos W.

Em outro estudo envolvendo espécies do género, De Barros e colaboradores
(2018) realizaram a microdisseccdo de um cromossomo W de Megaleporinus
trifasciatus. A sonda obtida, denominada WMt, foi também utilizada em experimentos
comparativos com as espécies M. macrocephalus e M. elongatus. Os autores
observaram grande similaridade entre as marcagdes nos cromossomos W das trés
espécies estudadas. A pequena diferenca observada entre eles foi atribuida como
sendo devido a um acumulo de elementos repetitivos (especialmente elementos
transponiveis) conservados ao longo do género, o que provavelmente contribuiu
para o aparecimento do sistema sexual ZZ/ZW e para os diferentes graus de

diferenciagao entre eles.

Apesar de todos estes estudos envolvendo a distribuicdo cromossdémica de

sequéncias repetitivas relacionadas ou ndo aos cromossomos sexuais,
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especialmente em Megalepoinus, dados relacionados a esse tema em peixes ainda
estdo limitados a resultados obtidos por meétodos citolégicos de coloragéo
convencional e isolamento de poucas sequéncias do cromossomo sexual. Dados
moleculares sobre essas sequéncias repetitivas também estao restritos a poucas
espécies em comparacao a vasta diversidade do grupo de peixes (MARTINS, 2007;
VICARI et al. 2010). Se estas sequéncias repetitivas, responsaveis pelo aumento de
heterocromatina constitutiva, estdo atreladas a evolucido dos cromossomos sexuais
em peixes ou se sdo meramente uma consequéncia desta evolugdo, permanece
sem resposta. Isto abre caminhos para pesquisas mais aprofundadas destas
caracteristicas cromossémicas para novas elucidagdes quanto a peculiar evolugao

da determinacgéo sexual no género e no grupo dos peixes em geral.

1.3 DNASs satélites como marcadores citogenéticos

DNAs repetitivos sdo sequéncias individuais de DNA que se repetem diversas
vezes e constituem grandes fragdes do genoma eucarioto. Sdo caracterizados
fundamentalmente pela sua organizagdo em tandem, caracterizando os chamados
DNAs satélites, ou por elementos dispersos, como transposons e retrotransposons
(FLAVELL et al. 1974; JURKA et al., 2005; PLOHL et al. 2008). Sao estruturas
altamente dinamicas, frequentemente submetidas a diversos processos de
amplificagdo génica e mutagbes em bases nitrogenadas, com uma alta diversidade

no que concerne sua ocorréncia e composi¢ao (PLOHL et al. 2012).

DNAs repetitivos costumam se localizar preferencialmente em regides
heterocromaticas dos cromossomos, como teloméricas e centroméricas, formando a
estrutura da heterocromatina (PLOHL et al. 2012; RUIZ-RUANO et al. 2016). Séo
altamente variaveis em sua ocorréncia, podendo estar presentes ao longo de todo o
cariotipo ou ocorrerem apenas em cromossomos especificos, como os sexuais e/ou

Cromossomos supranumerarios.

Apesar das sequéncias repetitivas ndo serem regides essencialmente
codificantes em sua maioria, tendo sido por muito tempo consideradas sequéncias

de “DNA lixo” (NOWAK, 1994), vem-se gradativamente demonstrando seus papéis
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ativos nos genomas dos mais diversos organismos (SHAPIRO et al. 2005;
BIEMONT:; VIEIRA, 2006; PLOHL et al. 2012). Algumas funcionalidades incluem
manutencdo e propagacdo do material genético nuclear (MARTINS, 2007);
participagdo na regulagdo estrutural da cromatina (VOLPE et al. 2002) e na
formagcdo e manutencdo da regidao centromérica (PLOHL et al. 2014;
JAGANNATHAN; YAMASHITA, 2017).

DNAs repetitivos em geral podem estar presentes em grupos de sequéncias
semelhantes, apontando para origens com ancestrais comum entre estas (PLOHL et
al. 2012, LORITE et al. 2017); no entanto, podem evoluir de maneira independente
dentro de cada grupo de organismo, demonstrando que estes elementos possuem
tanto caracteristicas conservadas quanto altamente variaveis (PLOHL et al. 2012;
QUESADA DEL BOSQUE et al. 2013; MEHROTRA et al. 2014; GARRIDOS-
RAMOS, 2015; LORITE et al. 2017). DNAs satélites (satDNA), por exemplo, podem
se diversificam em questdo de abundancia no genoma, localizagdo e organizagéo
cromossOmica, tamanho do monémero em pares de base e a sequéncia nucleotidica
em si (PALOMEQUE; LORITE, 2008; PLOHL et al. 2012).

E sabido que peixes sdo animais que podem evoluir de forma extremamente
rapida, possuindo ferramentas evolutivas em seus genomas que merecem ser
exploradas (OZOUF-COSTAZ et al. 2004). Diversos trabalhos nesta perspectiva
mostram resultados relevantes utilizando sequéncias repetitivas como marcadores
citogenéticos para o grupo (MESTRINER et al. 2000; BIEMONT: VIEIRA, 2006;
MARTINS, 2007; PARISE-MALTEMPI et al. 2007; SAITO et al. 2007; FERREIRA;
MARTINS, 2008; POLETTO et al. 2010; VALENTE et al. 2010; VICARI et al., 2010;
CIOFFI; BERTOLLO, 2012; YANO et al. 2016, YANO et al. 2017).

Trabalhos utilizando o sequenciamento do genoma e subsequente analises
refinadas para caracterizacdo de sequéncias repetitivas vém revelando novas
informagdes sobre estes componentes genémicos (SHENDURE; JI, 2008;
SCHUSTER, 2008; RUIZ-RUANO et al. 2016; RUIZ-RUANO et al. 2018). Para o
grupo do peixes neotropicais, analises recentes para a espécie Austrolebias
(GARCIA et al. 2015), Astyanax (SILVA et al. 2017) e outras espécies de Characidae
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(UTSUNOMIA et al. 2017) abriram portas para caracterizagdes mais abrangentes
acerca dos DNAs repetitivos dos peixes, mas estas ainda permanecem escassas em

comparacgao a diversidade do grupo.

Por estes motivos, o presente trabalho teve como principal foco a analise do
conteudo de DNAs satélites no genoma de Megaleporinus elongatus e subsequente
mapeamento destas sequéncias em cromossomos da espécie, buscando
informacdes sobre a caracterizagao de seus DNAs satélites e sua distribuicao no
cromossomo sexual heteromoérfico W, evidenciando caracteristicas sexo-especificas
do acumulo de DNAs repetitivos em seu genoma. Em seguida, o mapeamento
cromossOmico dos mesmos DNAs satélites isolados foi realizado em outras duas
espécies, M. macrocephalus (que também possui cromossomo heteromoérfico W) e
Leporinus friderici, sem cromossomos sexuais aparentes, permitiu avaliar a
ocorréncia e distribuicao destes repetitivos entre espécies proximas, e as possiveis
implicagdes disto em relagao a diferenciagdo do cromossomo W a nivel de género.
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2. OBJETIVO

Entender a diferenciagcdo dos cromossomos sexuais de Megaleporinus em
sua etapa de acumulo de sequéncias de DNAs satélites e a formagao da regido
restrita ao cromossomo heteromorfico W.

2.1 Objetivos Especificos

- lIsolar, caracterizar e estudar a organizagdo de DNAs satélites presentes no
genoma de Megaleporinus elongatus (Anostomidae), bem como fazer a
localizagdo cromossdmica destas sequéncias com foco no cromossomo

heteromorfico W.

- Verificar a presenca ou auséncia destas sequéncias de DNAs satélites obtidas e
avaliar sua distribuicdo nos cromossomos de fémeas de Megaleporinus
macrocephalus, espécie proéxima que também possui sistema de cromossomos
sexuais do tipo ZZ/ZW, e Leporinus friderici, espécie sem cromossomos sexuais
heteromérficos. Com isso, buscar informagdes para explicar os diferentes padrées
de distribuicdo de DNAs repetitivos nestas espécies, buscando o entendimento
sobre a evolugdo da diferenciagdo dos cromossomos sexuais neste grupo de

peixes.
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3. MATERIAIS E METODOS

3.1 MATERIAIS

Foram utilizados tecidos de figado e preparagdes de suspensao celular de
trés individuos de cada sexo de Megaleporinus elongatus (Figura 3). Estes materiais
foram previamente obtidos no Centro Nacional de Pesquisa e Conservacao de
Peixes Continentais - Instituto Chico Mendes de Conservacao da Biodiversidade
(CEPTA-ICMBio) em Pirassununga, S&o Paulo, Brasil, e encontravam-se
armazenados em freezer no laboratério de citogenética animal da UNESP de Rio

Claro.

Figura 3 - Fémea de Megaleporinus elongatus. Fonte: acervo pessoal.
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Foram também utilizadas preparagdes cromossémicas de Megaleporinus
macrocephalus e Leporinus friderici, provenientes do Mato Grosso, que também

estavam armazenadas no laboratério acima referido.

O presente trabalho esta dentro das normas da Comissao de Etica no Uso de
Animais (CEUA) da Universidade Estadual Paulista, tendo protocolo de numero
3524 e cdodigo de aprovagado comité (09/2017). Para as preparagdes previamente
obtidas de Megaleporinus macrocephalus e Leporinus friderici, os individuos,
coletados na época de sua manipulagcdo, estavam de acordo com o Instituto
Brasileiro do Meio Ambiente e Recursos Naturais Renovaveis (19833-1) e com o

Colégio Brasileiro de Experimentacado Animal (016/04 - CEEA).
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3.2 METODOS

3.2.1 Sequenciamento lllumina e caracterizagcao de DNAs satélites

Para o sequenciamento gendmico através da plataforma Illumina (lllumina
Inc., San Diego, CA, USA), foram enviados para a empresa Macrogen (Korea)
aproximadamente 5mg de figado de fémea de Megaleporinus elongatus. O DNA foi
extraido pela empresa e foi sequenciado com baixa cobertura, com lllumina®
Hiseq™ 2000 (2 x 101bp paired-end) utilizando TruSeq SBS Kit v3. Os reads obtidos
do sequenciamento foram unidos utilizando o programa Fastg-join do FASTX-Toolkit
com as opgdes basicas de entrada dos dados (GORDON; HANNON, 2010).

Para identificagcdo e classificacdo das sequéncias de DNA repetitivo do
genoma, 1000000 de reads aleatérios do total obtido do sequenciamento foram
processados pelas ferramentas do RepeatExplorer (www.repeatexplorer.org)
(NOVAK et al. 2013), através de algoritmos de clusterizagdo baseados em grafos

(graph-based clustering) (Figura 4).



Figura 4 - Pipeline do RepeatExplorer, demonstrando seus principios para
identificacdo de repeticdes a partir de reads sequenciados de um genoma,
para subsequente anotagdo manual das sequéncias repetitivas. Fonte: Novak
et al. (2013).

sequencing

v
Galaxy Data upload

v

Sequence read preparation

(QC. filtering, trimming. pair read interlacing)
Sequence sampling, sequence renaming

Clustering
pipeline

Estimation of clustering limits

v

All-to-all comparison

v

Clustering

v

Cluster analysis
sLayout calculation
*RepeatMasker search
*Protein domain search

RepeatExplorer

Cluster *Custom database search
Merger *RPS blast
*Assembly

*Similarity between clusters

Protein domain
search

Re-cluster

Identification of Output preparation
protein domain *HTML report

coding regions in 4 .Archive with all results
contigs «Contigs

\ Results exploration . Interactive graph
U ser Manual annotation layout analysis
* SeqGrapheR

Annotated Genome
Composition




23

O sequenciamento gendmico de baixa cobertura, como o utilizado para o
genoma deste trabalho, e a analise do RepeatExplorer com os parametros padrdes
de limite de similaridade (90% de identidade para mais de 55% do tamanho da
sequéncia repetitiva) tem baixas chances de detecgdo de sequéncias de codpias
Unicas. Isto demonstra que a grande maioria das similaridades esperadas e
encontradas entre os reads aleatorios realmente correspondem a copias de

elementos repetitivos encontrados no genoma (NOVAK et al. 2013).

Segundo os parametros do programa, os reads aleatérios do genoma da
fémea de Megaleporinus elongatus foram lidos e comparados entre si, e aqueles
com similaridade foram selecionados pela ferramenta para serem agrupados
(clusterizados). Os grafos do layout destes clusters foram, entdo, calculados pelo
RepeatExplorer a partir das sobreposicdées que ocorreram entre os reads similares
dentro de cada grupo (cluster), servindo de ferramenta para a posterior anotagao
manual das sequéncias de DNAs satélites.

Os resultados do RepeatExplorer para o genoma consistiram em relatorios
em formato HTML contendo revisdes dos resultados da clusterizagdo, bem como os
arquivos individuais para cada cluster isolado com seus respectivos fragmentos de
sequéncias (contigs). A proporgdo de representatividade de cada repetitivo no
genoma foi apresentada em tabelas de caracterizagdo dos mesmos, também

geradas pelo software.

Cada cluster gerado pelo programa foi individualmente e manualmente
analisado a partir de seus grafos, para uma primeira selecdo daqueles que
potencialmente correspondessem a sequéncias de DNAs satélites. A densidade
destes layouts foi considerada para esta primeira triagem, isolando aqueles que
possuem morfologia caracteristica de sequéncia em tandem, sendo circulares,
altamente densos e representando as diversas sobreposicdes entre os reads
semelhantes (Figura 5A, 5B e 5C).
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Figura 5 - Exemplos de layouts gerados para repetitivos CL_1, CL_2, CL_21 e
CL_17 do genoma de fémea de Megaleporinus elongatus. Os grafos A, B e C sao
caracteristicos de clusters de repetitivos dispostos em tandem, onde os reads
agrupados sao representados por nés e suas similaridades sdo as arestas que
conectam esses nds - caracterizado pelo grafico como estando altamente
sobrepostos e dando sua morfologia de alta densidade. O grafico D corresponde a
um repetitivo transponivel, com o grafico representando sequéncias de copias néao
distribuidas em tandem e quase isento de sobreposi¢ao, colocado a titulo de
comparagao com o restante.
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ApOs a primeira selegao, os arquivos dos clusters selecionados foram abertos
na versao basica do software Geneious v4.8.5 (KEARSE et al. 2012) e foi feita a
visualizagédo de graficos de Dotplot para cada um em busca da confirmagdo de sua

organizagdo em tandem.

Confirmada a organizagao em tandem a partir dos Dotplots, as sequéncias
foram revisadas manualmente e individualmente, posteriormente alinhadas
utilizando o sistema Muscle do programa MEGA v8.0 (KUMAR; STECHER;
TAMURA, 2015) para a geragao da sequéncia consenso de cada variante de DNA
satélite. Também no MEGA v8.0 foram analisadas suas porcentagens de conteudo
de A + T (adenina+timina). Os satélites foram analisados pela ferramenta BLAST
(Basic local alignment search tool) para a procura de sequéncias ja depositadas no
banco de dados que possuissem possiveis semelhancas com os DNAs satélites

isolados.

As sequéncias consensos recuperadas e as informacdes de cada variante de
DNA satélite isolado da fémea foram tabeladas (Tabela 1), com a nomenclatura
utilizada seguindo de acordo com o proposto por Ruiz-Ruano e colaboradores
(2016). Os codigos seguiram a abreviagdo de nome da espécie, um numero em

ordem crescente de acordo com a abundancia do DNA satélite em questdo e o
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tamanho da unidade do repetitivo. Assim, a nomenclatura MelSat01-36 foi utilizada
para o primeiro satélite da lista, o mais abundante, e com 36 pares de base,
MelSat02-26 para o segundo mais abundante com 26 pares de base, e assim por

diante.

3.2.2 Construcao de oligonucleotideos e validagao por PCR

As sequéncias consenso dos variantes de DNAs satélites isolados do genoma
de fémea foram utilizadas para o desenho manual de oligonucletideos (primers)
divergentes e enviadas para a empresa Macrogen (Korea) para a sua sintese. Estes
primers foram utilizados em uma amplificacdo por Reacédo de Polimerase em Cadeia
(PCR) para avaliagao da confiabilidade dos mesmos, utilizando DNA genémico da
prépria fémea de Megaleporinus elongatus na reagdo. Os produtos de amplificagdo
bem sucedidos foram utilizados para a geragdo de sondas, para o posterior
mapeamento cromossdmico destes satélites por hibridagdo in situ fluorescente
(FISH).

Para as reagbes de PCR, o DNA genbmico utilizado foi extraido de
aproximadamente 5mg de figado de individuos de M. elongatus com kit de
purificagdo de DNA genémico Wizard® (Promega), de acordo com o protocolo

fornecido pelo fabricante, com adigdo de RNAse (20mg/ml) (Roche®).

As reagbes de PCR, com volume final de 10 pl cada, contiveram 0.5 ul do
DNA extraido (50-100ng/pl), 0.5 pl de dNTPs (5mM) (Invitrogen®), 0.1 pl de
Platinum® Tag DNA Polymerase (5U/ul) (Invitrogen®), 0.25 pl de MgCl2 (50mM)
(Invitrogen®), 1.0 pl de tampédo 10x PCR (200mM Tris-HCI, pH 8.4, 500 mM KCI)
(Invitrogen®), 0.5 ul de cada primer (forward e reverse) a 10uM para cada satélite e
foram completadas com 8.65 pl de H20 milliQ autoclavada. A amplificagcdo de todos
os primers foi feita em um termociclador Eppendorf, nas condigdes de temperatura
de 94°C durante os 5 minutos iniciais para desnaturagdo, seguidos de 30 ciclos de
desnaturagao a 94°C por 30 segundos; anelamento de primers a 55°C por 30
segundos e extensao por 1 minuto e 20 segundos a 72°C; e ao final, elongac¢ao por

5 minutos também a 72°C.
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Os produtos de PCR foram analisados através de eletroforese com géis de
agarose 1%, corados com GelRed®, sendo as amostras eluidas em 1 pl de tampéo
de corrida blue juice (6x) e com 1 ul de marcador de peso molecular 1 Kb Plus DNA
ladder (ThermoFisher®). Os géis foram visualizados em um transiluminador de luz
ultravioleta. Aqueles que tiveram amplificacdo satisfatéria bem como sinal de
marcagao na hibridagdo in situ fluorescente em fémeas de M. elongatus, foram
enviados para o sequenciamento na empresa Macrogen (Korea) para conferéncia da

sua sequéncia consenso.

3.2.3 Marcacao de sondas e Hibridagao in situ fluorescente (FISH)

Os produtos de PCR dos satélites com amplificacido satisfatéria foram
marcados pela técnica de nick translation para a geracao de sondas utilizadas para
a hibridacdo in situ fluorescente. Estas sondas foram marcadas em reacgdes
individuais de 8.75 ul, contendo 3 ul de produto de amplificacdo de cada satélite,
0.75 pl de DNA polymerase I/DNase | (ThermoFisher®), 0.13 pl de digoxigenina-11-
dUTP (Roche®), 0.1 pl de cada dNTP (dATP, dCTP e dGTP) (2.0 mM), 0.035 pl de
dTTP (2.0 mM) , 0.5 pl de buffer para nick translation (NT buffer 10x) e completando
com 2 yl de H20 milliQ autoclavada. A marcagdo ocorreu em um termociclador

Eppendorf por 90 minutos a 16°C e finalizando com 10 minutos a 65°C.

Para os experimentos de FISH, foram utilizadas laminas contendo
preparag¢des cromossdmicas de macho e de fémea de Megaleporinus elongatus, em
um primeiro momento, e preparagdes de fémeas de M. macrocephalus e L. friderici

para o Cross-FISH e comparacgao entre as espécies.

As preparagbes de suspensado celular utilizadas para as laminas de
hibridacao in situ fluorescente foram realizadas a partir do rim retirado de
exemplares das espécies, seguindo metodologia descrita por Foresti e
colaboradores (1981). Para estimular a divisdo celular, uma solugdo de fermento

biolégico (0,3g de fermento biolégico comercial + 0,3g de agucar + 10mL de agua
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destilada), foi injetada nos animais. Esses foram deixados em aquario aerado por 72

horas.

ApOs este periodo, foi injetada uma solugdo aquosa de colchicina (0,025%),
na regiao intra-abdominal, entre as nadadeiras peitorais e ventrais. Apds a injegao
da solugao, os exemplares foram mantidos em aquario bem aerado por 50 minutos.
Foram retiradas as regides posterior e anterior do rim, colocados em solugao
hipotonica de KCL (0,075M) para hipotonizagao das células. A solugao foi transferida

para um tubo de centrifuga e deixada por 21 minutos em uma estufa a 37°C.

O material foi, entdo, pré-fixado com 7 gotas de fixador gelado (metanol 3:
acido acético 1) por cinco minutos a temperatura ambiente. Foram adicionados mais
6 mL de fixador, com agitagdo da mistura, e o tubo foi levado a centrifuga por 10

minutos na velocidade de 900 rpm.

O sobrenadante foi descartado e o precipitado foi ressuspendido em 7 mL do
fixador, sendo novamente centrifugado por 100 minutos a 900 rpm. Este passo do
procedimento foi repetido por duas vezes até a completa fixacdo e lavagem das
células em suspensao. O material foi ressuspendido uma ultima vez em 1.5 mL de

fixador e armazenado em microtubos de 1.5mL em freezer a -20°C.

Para analise cromoss6mica do material, algumas gotas da preparagédo foram
pingadas em laminas de microscopia aquecidas a 60°C, coradas apds a secagem
com solugado de Giemsa 5% por 8 minutos. Apds lavadas e secas ao ar livre, as

laminas estavam prontas para analise do material.

Os ensaios de FISH foram realizados de acordo com a técnica descrita por
Pinkel e colaboradores (1986) com modificagcbes de Cabral-de-Mello e
colaboradores (2010), utilizando os materiais fixados de preparagcdes de suspensao

celular.

As preparagdes foram pingadas nas laminas a 60°C e deixadas em estufa a

37°C por pelo menos 1 hora para a fixagcdo do material. Cada Iamina passou por
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uma desidratacdo em série alcéolica (70%, 90% e 100%) por 5 minutos cada e logo
apoés incubadas por 1 hora a 37°C em camara umida com 100 pl de RNAse
(Roche®) (2.5ul de RNAse (20mg/ml) diluida em 998.5ul de solugao salina 2xSSC
(175.3g NaCl + 88.2g citrato de sodio + 800ml agua destilada, ph=8.0,
posteriormente diluido de 20x para 2x). Apos a incubacédo, as laminas passaram por
trés lavagens de 5 minutos cada em 2xSSC e depois foram novamente desidratadas

em série alcoolica (70%, 90% e 100%) por 5 minutos em cada.

A desnaturacido do DNA contido nas laminas foi feita com formamida 70%
(formamida 100% diluida em solugdo salina 20xSSC) a 70°C, com tempo de
desnaturagdo de 1 minuto e 45 segundos. Imediatamente depois as laminas foram
submetidas a uma série alcdolica (70%, 90% e 100%) gelada (-20°C) por 5 minutos
cada banho. Para a desnaturacdo da sonda, foram feitas solugcbes contendo 3ul de
sonda marcada e 27l de tampéao de hibridagcao (Hybuffer) (25ml formamida + 10ml
sulfato dextrano 50% + 5ml 20xSSC + 4ml fosfato de sédio 0,5M ph=8.0, 1ml 5x
solugdo Denhardt) para cada lamina, e que foram colocadas em termociclador
Eppendorf por 10 minutos a 95°C. Cada lédmina recebeu os 30ul da solugao
contendo a sonda desnaturada, foi coberta com laminula e mantida overnight em

camara umida a 37°C.

Para a detecgéo da sonda, as laminulas foram retiradas e as laminas lavadas
em solucao salina 2xSSC por 10 minutos, em banho-maria a 72°C. Cada |amina foi
entdo incubada com 0.5 ul de anti-digoxigenina e 100 ul de solugao PBD (3g de leite
em po, 60ml de solugao salina 20xSSC, 1.50ml de Triton e completando com 300 ml
de agua destilada), a 37°C por 1 hora. Apds a detecgao, foram feitas trés lavagens
de 5 minutos cada com a solugdo PBD a 45°C. Por fim, cada lamina foi montada
com 8 pl de solugdo de DAPI (4',6-diamidino-2'-fenilindol) + Vectashield (Vector®),

coberta com laminula e armazenada no escuro a 4°C.

As laminas foram analisadas em um microscopio de fluorescéncia Olympus®
BX51 com uma camera digital (Olympus® DP71) acoplada. Para cada sonda, foram
analisadas pelo menos vinte metafases, para confirmagdo do numero dipldide,

estrutura cariotipica e do cromossomo heteromérfico (W), quando presente, e para
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confirmacdo dos resultados da hibridagdo in situ. No minimo cinco fotos foram
tiradas daquelas com a melhor qualidade de visualizag&o e a captura de imagens foi
feita a partir dos softwares DP Controller v3.2.1 e DP Manager v3.1 (Olympus®). As
fotos foram tratadas para melhoria de brilho e contraste e adicdo de legendas com

software de edi¢cao de imagens.



30

4. RESULTADOS

Os resultados obtidos com o desenvolvimento deste trabalho permitiram a

elaboracao de dois artigos, ambos finalizados e em fase de submissdo para revistas
especializadas.

Artigo 1- Heteromorphic sex chromosome and its satDNA content in Megaleporinus

elongatus (Anostomidae, Characiformes)

Artigo 2- Satellite DNA and sex chromosome evolution: insights regarding

Megaleporinus (Anostomidae, Characiformes)
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ARTIGO 1

Heteromorphic sex chromosome and its satDNA content in Megaleporinus

elongatus (Anostomidae, Characiformes)

Carolina Crepaldi?, Patricia Pasquali Parise Maltempi

Instituto de Biociéncias, UNESP Universidade Estadual Paulista “Julio de Mesquita
Filho”, Rio Claro, Departamento de Biologia, Laboratorio de Citogenética. Av. 24A,
1515. CEP: 13506-900. Rio Claro, SP, Brazil.
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Abstract

Teleost fish share a remarkable diversity of genetic sex determination systems, and
the chromosome mapping of sex chromosomes’ repetitive content can provide
valuable insights regarding their specificities and differentiation processes.
Megaleporinus species have a ZZ/ZW sexual system with highly heterochromatic W
chromosomes, posing as interesting models for studies of sex systems evolution in
fish, specially regarding the absence of heteromorphic sex chromosomes in the
close-related genus Leporinus. Through high-throughput analysis of a Megaleporinus
elongatus female genome, we isolated 69 satellite DNA variants, which represents
approximately 5.6% of the analysed sequenced reads. The characterised satDNA
have sizes ranging from 20bp to 245bp and variable nucleotide composition. All of
these variants were tested regarding physical mapping in M. elongatus metaphases.
16 showed clustered patterns in the female chromosomes, with conspicuous FISH
signals in the sex chromosome and some autosomal pairs. From these hybridised
variants, 9 were exclusively clustered in the heteromorphic W chromosome,
scattered throughout its highly heterochromatic arm and denoting its specificity
regarding its repetitive regions. The satDNA content from M. elongatus amplified and
differentiated in various degrees across its genome, with the W sex chromosome
accounting for most of its accumulation and clusterisation pattern. We unveiled the
diverse satDNA composition of the heteromorphic sex chromosome for the species,
showing how this specialised and relatively recent chromosome already presents a
remarkable accumulation of repetitive sequences. They might even be responsible
for the already described differentiation step in the species regarding a multiple sex
system.

Key words: Satellite DNA, Satellitome, repetitive sequences, heteromorphic sex
chromosomes, FISH, Neotropical fish.
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Introduction

Sex chromosomes are complex genetic entities present across all vertebrate
clades, with extremely diverse occurrence and thought to have evolved
independently various times throughout this group (BULL, 1983; GRAVES &
PEICHEL, 2010). Their evolution usually starts at autosomes that differentiate with
sex-determining genes and that are restricted from recombining with their
homologous pairs (BULL, 1983; BACHTROG et al. 2011; WRIGHT et al. 2016).
These chromosomes usually become prone to accumulation of repetitive sequences,
elements that can trigger a highly differentiated morphology and result in

heteromorphic chromosomes (Y or W).

This heterochromatin accumulation, followed by consequential repetitive
sequences build up, precedes partial or complete recombination suppression
between homologues, one of the common steps in sex chromosome evolution
(CHARLESWORTH, 1991; CHARLESWORTH et al. 1994; CHARLESWORTH and
CHARLESWORTH, 2005; ELLEGREN, 2011; SCHARTL et al. 2016; WRIGHT et al.
2016). A large repetitive DNA expansion is usually related to heteromorphic sex
chromosomes that are in their first steps of differentiation, such as the ones in fish
and amphibians (CHARLESWORTH et al. 1994; CHARLESWORTH and
CHARLESWORTH, 2005; EZAZ et al. 2006; MANK et al. 2008; MANK; AVISE,
2009).

The differentiated chromosome defines two commonly known sex systems,
male heterogamety (XY) and female heterogamety (ZW). These systems can be
conserved and well defined inside a group, such as the XY for mammals and ZW for
birds; but can also be highly variable, such as in fish and amphibians, animals that
don’t have just one sex-determining system common to all species (WHITE, 1977,
DE ALMEIDA-TOLEDO & FORESTI, 2001; OGATA et al. 2008, GRAVES et al. 2008).

Chromosome-specific satellite DNA sequences can be used as cytogenetic
markers, useful for characterising heteromorphic sex chromosomes, determinate
their likely origins and differentiation evolution, as well as compare their occurrence
between close related species (MARTINS, 2007; PARISE-MALTEMPI et al. 2007,
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POLETTO et al. 2010; VALENTE et al. 2010; VICARI et al., 2010; PLOHL et al.
2012).

The clade of teleost fish comprises the most diverse vertebrate group, both in
number of species to date and different sex-determining systems (HERPIN &
SCHARTL, 2009; CHARLESWORTH & MANK, 2010; FROSE & PAULY, 2018). The
group’s undergoing evolution is also fast in comparison to other animals (DEVLIN &
NAGAHAMA, 2002), which implicates the occurrence of useful tools in their genomes
to study repetitive DNA accumulation, sex chromosome differentiation and evolution
of sex chromosome systems. The mechanisms regarding sex-determination and sex
chromosomes in teleosts are extremely labile, where sex chromosomes can evolve
multiple times within different evolutionary lineages and even undergo different steps
of differentiation among close-related genus and species (MANK & AVISE, 2009;
ELLEGREN, 2011).

Among the Neotropical ichthyofauna, the Anostomidae have a very conversed
karyotypic structure, with their 15 described genus possessing 2n=54 chromosomes
with similar chromosome morphology (GALETTI et al. 1991). The Leporinus was
revised by Ramirez et al. (2017), that allocated the nine species that presented
differentiated sex chromosomes (ZZ/ZW system) to a new genus, Megaleporinus.
The remaining Leporinus comprises the species with undifferentiated sex

chromosomes or those unknown cytogenetically.

The heteromorphic W chromosome in Megaleporinus is the biggest
chromosome of the all species’ karyotypes. It is subtelocentric and highly
heterochromatic, unlike the Z chromosome, which maintains a similar size to the
autosomes (NAKAYAMA et al. 1994; GALETTI et al., 1995; PARISE-MALTEMPI et al.
2007; HASHIMOTO et al. 2009, POLTRONIERI et al. 2014). The similarity between
morphology, centromere position and heterochromatin quantity across all
Megaleporinus W chromosomes indicates a possible common evolution from the
same ancestral chromosome pair (GALETTI et al. 1995; PARISE-MALTEMPI et al.
2013; RAMIREZ et al. 2017), and it is stated that this differentiation started primarily
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through repetitive elements accumulation (NAKAYAMA et al. 1994; MARRETA et al.
2012).

The Megaleporinus had several repetitive sequences physically mapped and
analysed, and had shown that the heterochromatin content and repetitive DNA
distribution in the W chromosome differs among the Megaleporinus species,
regardless of the possible common origin for this chromosome (PARISE-MALTEMPI
et al. 2007, DA SILVA et al. 2012; DA SILVA et al. 2013; POLTRONIERI et al. 2014;
DE BORBA et al. 2013). This shows the highly dynamic repetitive content and
complexity level regarding this genus’ heteromorphic chromosome (NAKAYAMA et al.
1994; MOLINA & GALETTI, 2007; PARISE-MALTEMPI et al. 2007; DA SILVA et al.
2012; MARRETA et al. 2012).

As pointed out by Parise-Maltempi et al. (2007), the repetitive elements may
even be related to a Megaleporinus elongatus multiple chromosome system
(Z21Z212222/121WN1Z2W2), as they may be related to its recent origin and distinct
differentiation step compared to the other Megaleporinus. A probe derived from
microdissecting the M. elongatus W chromosome was isolated by Parise-Maltempi et
al. (2013) and hybridised in M. macrocephalus and M. obtusidens, that also have a
ZZ|Z\WN system. There were no hybridisation signs for other four species used in the
study (L. friderici, L. striatus, L. lacustris, Schizodon borelii and S. isognathus), which,
in turn, do not present differentiated sex chromosomes. M. macrocephalus and M.
obtusidens also showed hybridised signals in their Z chromosome, but there were no
shared signals between the W and the Z from M. elongatus. This may indicate the

high probability of another differentiation stage for this species’ chromosomes.

The repetitive elements, known to be linked to such diverse and distinct sex
chromosomes, make the Megaleporinus an useful model for studying the
evolutionary dynamics of these sequences in fish genome, and to understand
heteromorphic chromosomes as a whole. Although the already known presence of a
sequences in the species’ W chromosome and general assumption of its high content
of repetitive DNA, here we performed for the first time a more in depth

characterisation of the most abundant satellite DNA present in the Megaleporinus



36

elongatus female genome. Through high-throughput analysis, bioinformatic tools and
chromosomal physical mapping, we focused on the satDNAs quantification, diversity

and distribution concerning the species’ heteromorphic sex chromosome.

Materials and Methods

Chromosomal preparations and tissues from six Megaleporinus elongatus
specimens (3 females and 3 males) were previously obtained from Centro Nacional
de Pesquisa e Conservagao de Peixes Continentais - Instituto Chico Mendes de
Conservagao da Biodiversidade (CEPTA-ICMbio) Pirassununga, Sdo Paulo, Brazil.
The material was kept refrigerated at -4°C at the animal cytogenetics laboratory in
UNESP Rio Claro and authorised for manipulation by CEUA (protocol number 3524,
approval code 09/2017).

Liver tissue from one female M. elongatus was sent to Macrogen (South
Korea) for low-coverage genome sequencing. The sequencing was carried out using
the lllumina® Hiseq™ 2000 platform (2 x 101bp paired-end), which yielded
19,289,312 reads in total. The obtained reads were joined using the fastg-join

software from FASTX-Toolkit using default data entry.

To search for satellte DNAs in the M. leporinus female genome, a graph-
based clustering and assembly of 1000000 random reads was carried out using the
RepeatExplorer (NOVAK et al. 2013). Then, the possible satDNAs were manually
annotated out of all the repeats clustered by RepeatExplorer. Repeat graph density
with spherical and highly dense graph structures, typical to satDNA (NOVAK et al.
2010, 2013) were used as first step for the searched for satDNAs. Afterward, a
manual search for the consensus sequences of each cluster selected as satDNA was
carried out analysing dotplot graphic alignment tool with the Geneious v4.8.5
software (basic version), identifying the monomers to confirm the tandem repeat
organisation and retrieving their consensus sequence. Using MEGA v8.0 the
adenine+timine content in each consensus was also measured.
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The consensus sequences were analysed using the BLAST tool (http://
www.ncbi.nlm.gov/Blast/) to search similarities with published sequences. Two other
iterations of RepeatExplorer were carried out, using 1,000,000 random reads each as
well, in order to compare and take the average of the amount of repetitive clusters
analysed and estimated satDNA content.

Each satDNA consensus sequence identified was used to manually design
primers in opposite directions. Following the criterion suggested by Ruiz-Ruano et al.

(2016) each satDNA was named accordingly, in order of decreasing abundance.

Polymerase chain reactions (PCR) using these primers were carried out in
order to validate the presence of these satDNA in the female genome. The PCRs
were done using female genomic DNA extracted from 5mg liver tissue, using a
genomic DNA purification kit by Wizard® (Promega). The extraction followed the
protocol provided by the manufacturer, with the addition of a RNA removal step using
RNAse (20mg/ml) (Roche®).

The reactions, each with 10ul of final volume, contained 50ng of genomic
DNA, 2mM of deoxynucleotide triphosphates (dNTPs) (Invitrogen®), 50mM MgCl2
(Invitrogen®), 10x Taq reaction buffer (200mM Tris-HCI, pH 8.4, 500mM KClI)
(Invitrogen®), 10uM of each primer (forward and reverse) and 1U Platinum® Taq
DNA Polymerase (Invitrogen®) for each satellite DNA. The PCR conditions in the
termocycler included denaturation at 94°C for the initial 5 minutes, and 30 cycles at
94°C for 30 seconds, primer annealing at 55°C for 30 seconds and 72°C for 1 minute
and 20 seconds, with a final extension at 72°C for 5 min. The PCR products were
then visualised via 1% agarose gel, with 1 Kb Plus DNA /adder (ThermoFisher®) as

molecular marker, and analysed with an UV transiluminator.

To generate fluorescence in situ hybridisation probes, amplified PCR products
for each satDNA were labeled by nick translation including digoxigenin-11-dUTP
(Roche®). For the FISH experiments, chromosomal preparations of mitotic

chromosomes from both sexes were used, obtained from anterior kidney cell



38

suspension of Megaleporinus elongatus males and females according to Foresti et
al. (1981).

The fluorescence in situ hybridisation analyses were performed according to
Pinkel et al. (1986) protocol, with modifications by Cabral-de-Mello et al. (2010) and
regarding denaturing time with 70% formamide (1m45sec at 72°C). Anti-digoxigenin-
rhodamine (Roche®) was used for signal detection, and the chromosomes were
counterstained with DAPI (4',6-diamidino-2'-fenilindol) + Vectashield (Vector®). The
slides were visualised via fluorescence microscopy with Olympus® BX51 and a
digital camera attached (Olympus® DP71). Chromosome images were captured
using DP Controller program and the merged images of both the metaphases and the
signals were optimised using photo-editing softwares for brightness, contrast and to

caption each photo.

SatDNA that had visible signals through FISH had their PCR products
sequenced by Macrogen (South Korea) and later aligned in MEGA v8.0 with the
manually annotated consensus to check their nucleotide composition and confirm
their sequences. The satDNA sequences that hybridised in M. elongatus female
metaphases were aligned by Muscle in MEGA v8.0 and analysed regarding their
possible homologies and being grouped into the same family in case of high

similarity.

Results

Satellite DNA isolation and characterisation

The female genome sequencing by lllumina platform returned a genome size
of 1.95Gbp, 19,289,312 paired-end reads and GC/AT content of 40% and 60%,
respectively. The clustering analysis through RepeatExplorer (NOVAK et al. 2013)
used 1,000,000 random reads as input and it generated 48,547 clusters (containing
approximately 22% of reads) corresponding to repetitive sequences with different
sizes and genomic abundance, including transposable elements, satellite DNA and

non-characterized repetitive elements. The remaining 643,990 reads represent
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singletons, the low copy number fraction genome, corresponding to 78% of the
random reads filtered by RepeatExplorer (Figure 1). Two subsequent iterations of
RepeatExplorer, using 1,000,000 random reads each, both resulted in 273 repetitive
clusters (77 regarded as satDNA through graph analysis for the second iteration and
70 for the third) and were considered just for quantity comparison between the

random analysed reads and repetitive sequences present in the sequenced genome.

The 272 most abundant clusters, given as output for repetitive sequences, in
the first iteration were analysed. The resulting graphs with high density, typical to
satDNAs, as well as subsequent dotplot analysis and manual annotation, confirmed
the occurrence of 69 tandem repeat variants out of the 272 clusters. Their estimated
abundance given by RepeatExplorer ranges from 0.011% for the least abundant, and
0.742% for the top one. These satDNA variants had repeat unit lengths (RUL)
ranging from 20 to 245 bp, with a mean of 53 bp for all, and present different
arrangements and molecular composition. Their nucleotide sequences showed A+T
content from 30.8% to 76.2%, with the majority above 60% of its content comprised
of adenine+timine (Table 1). Altogether, the manually isolated 69 satDNAs variants

represent roughly 5.6% of the analysed reads from the female genome.

Database searches through NCBI BLAST using the consensus sequences to
each satDNA, did not reveal significant similarity with previous deposited sequences,
except for variants MelSat02-26 and MelSat03-26 and the LeSpel, a repetitive
sequence isolated from M. elongatus by Parise-Maltempi et al. (2007), with an
identify of 96% (e-value=006.1) for both variants and the deposited LeSpel clones in
the database. An alignment between MelSat03-26 was done with one LeSpel to
confirm their similarity (Figure 2).

After primer designs, derived from each of the 69 consensus sequences, 53
satDNAs were recovered through PCR, showing visible bands in agarose gel, with
the bigger ones revealing a ladder pattern. The PCR products were probed for

fluorescence in situ hybridisation experiments for physical chromosome mapping.
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The cytogenetic mapping of the 53 amplified satDNAs was carried out in
female mitotic metaphases through fluorescence in situ hybridisation. Of all the
tested probes, 16 satDNAs revealed visible signals on female chromosomes (Table
2), with variable distribution across both the heteromorphic sex chromosome and
autosome pairs depending on the repeat (Figure 3). These satellite DNAs are
amongst the most abundant of the analysed reads from the female genome. They
aligned between each other in order to analyse possible homologies between them
and being part of the same satDNA family. MelSat02-26 and MelSat03-26 comprise
the same sequence (same variant) as one is the reverse complement of the other,
and scoring 95.2% pairwise identity and 96.8% identical sites after the alignment. We
still considered them two variants for the FISH mapping in the species’ chromosomes
as the variants were reversed and showed different bands when mapped in male’s
metaphases. For the remaining variants, none showed above 50% similarity between
each other to regard being part of the same satDNA family (RUIZ-RUANO et al.
2016).

Chromosomal localisation of satDNAs

The abundance of satDNAs located in the heteromorphic W chromosome was
noteworthy, with only three of them not being present in the sex chromosome and
being visible only in autosomes (MelSat15-245, MelSat18-121, MelSat31-38)
(Figures 3.j, 3.I, 3.0). These three satDNAs are among the bigger ones in terms of
length, and are positioned in either the centromere or telomere of the autosomes,
with MelSat15-245 (the biggest isolated satDNA) being hybridised in the centromeric
region of at least 5 autosome pairs and MelSat18-121 possibly relating to the NOR-
bearing pair).

In the heteromorphic sex chromosome, the distinct satDNA variants were
distributed across most of its length, hybridising either on the telomeric, centromeric
and/or intersticial blocks of the highly heterochromatic bigger arm (Figure 4),
corresponding to the C-band positive analysis (GALETTI et al. 1995). The signal
blocks were present in either a single or multiple bands, with highly condensed
fluorescent signals. Four satDNAs (MelSat02-26, MelSat03-26, MelSat07-177,
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MelSat23-52) were not exclusive to the W1, also located in multiple autosomes, either
in their centromere, distal blocks in the small arm or in intersticial positions (Figures
3.b, 3.c, 3.f, 3.m). The remaining sex chrosomome Zi, and both Z> and W>, are
particularly difficult to identify given their sizes being the same to the autosomal
chromosomes, so we considered their FISH signals also as “autosomes” when

tabling their occurrence.

MelSat02-26 and MelSat03-26 showed signal distributions slightly similar to
the repetitive DNA LeSpel mapped by Parise-Maltempi et al. (2007), with three
distinct blocks in the W chromosome and the same pattern in an autosomal pair,
which made us assume it was the Z2 and the W2. The BLAST search returned
relevant matches for both satDNA variants and all three LeSpel clone sequences
deposited in the NCBI database, and their sequences were aligned with the three
LeSpel sequences (accession EF107659.1, EF107660.1 and EF107661.1)
confirming their similarity. MelSat03-26 is an exact match to part of LeSpel sequence,
from base 249 to 275 (Figure 2). This confirmed the FISH signals in the multiple sex

chromosomes for these two satDNA variants.

For both satDNAs, however, the hybridisation patterns showed different
signals in Zz compared to LeSpel; MelSat02-26 and MelSat03-26 had three distinct
blocks in both Z2Wo, just like in W1; for LeSpel, however, only the distal portion of the
smaller arm of Z2 showed FISH signals (PARISE-MALTEMPI et al. 2007).

These two satellite variants were also probed and hybridised in male
Megaleporinus elongatus metaphases (Figure 5), with MelSat02-26 not showing any
visible signals (Figure 5a) and MelSat03-26 hybridising in an autosomal pair at the
distal portion of the p arm, similar to LeSpel (Figure 5b). The fact that the
MelSat02-26 variant is presented in the reverse complement form of MelSat03-26

could be the reason it did not hybridise in the male.

Discussion

We recovered 69 satellite DNA variants through means of graph-based

clustering analysis of sequenced reads from Megaleporinus elongatus female
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genome, followed by manual annotation and complementary investigation. The
variants comprise relatively small sequences, with variable molecular compositions
and corresponding to 5,6% of the total analysed genome reads. Despite being less
abundant when compared to other repetitive elements, as 22% of the reads were
clustered as overall repetitive sequences according to RepeatExplorer, the satDNA
families were present in the top most abundant clusters. Thus, it is safe to say that,
although not as representative as other repetitive classes in terms of quantity, the

satDNAs still bear relevance in M. elongatus female genetic material.

The maijority of the isolated variants were non-visible through FISH and,
therefore, likely in non-clustered patterns in the chromosomes. As observed by Ruiz
Ruano et al. (2016) and analysed by Duilio et al. (2017) in the satDNA library from
the fish Astyanax paranae, satDNA size is not directly related to it being present in a
clustered pattern in the genome or not. This also applies to the observed satDNAs for
the M. elongatus female, as most variants (despite their length) are not accumulated
enough for visible clusterisation patterns, and the ones that did show physical signals
have variable sizes (Table 2), including smaller ones such as MelSat04-20 and
MelSat06-24 (20bp and 24bp, respectively).

Regarding the 16 variants that presented FISH signals in M. elongatus female
chromosomes, most of these showed remarkable clusterisation patterns in the
heteromorphic W chromosome, being well-distributed specifically in the q arm, and
endorsing the positive C-banding for its highly heterochromatic content (GALETTI &
FORESTI, 1988; GALETTI et al. 1995). This distribution parallels the chromosome’s
exclusive non-recombining region, most likely residing in the q arm. This large
repetitive content in the suppressed region was already suggested for heteromorphic
sex chromosomes in general (CHARLESWORTH, 1991). Furthermore, the lack of
clusterisation on most of the karyotype as a whole, including the Z chromosome,
reinforces the sequences’ high diversification and exclusive clusterisation in the
heteromorphic W, marking the bigger arm as the probable structure harbouring the
sex-determining genes for the species.
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The diverse distribution in the heteromorphic W showed different clusterisation
blocks across the q arm, with some variants restricted to one FISH band (Figure 3.d)
and others distributed as three separate bands (Figure 3.. The satDNA clusterisation
process occurring in this heteromorphic chromosome does not follow an organised
fashion, with the quick repetitive accumulation process reflecting in the scattered and

heterogeneous distribution in the exclusive sex chromosome region.

The few satDNAs that hybridised in autosomes, apart from MelSat02-26 and
MelSat03-26, did not show the distinct LeSpel pattern (PARISE-MALTEMPI et al.
2007), being restricted to either centromere or telomere regions. The variants with
centromeric clusterisation in autosomes, MelSat07-177, MelSat15-245 and
MelSat31-38 have relatively different A+T composition, with 69.4%, 52.8% and 42.9%
respectively (Table 1), and their occurrence aren’t restricted to only one autosomal

pair (Figure 3.f, 3.j, 3.0).

It is interesting to notice that MelSat07-177 and MelSat15-245 are amongst
the biggest variants in length, and present centromeric distribution in autosomes.
MelSat07-177 was also clustered in the heteromorphic W centromere, showing its
shared accumulation between the sex chromosome and the autosomal pairs,
indicating its potential role as centromeric repetitive even in the sex chromosome.
MelSat18-121 is also a good example, as it was clusterised specifically in one pair’s

telomeric region (Figure 3.1), possibly the NOR-bearing pair.

In Megaleporinus elongatus case, few repetitive sequences were already
isolated and physically mapped in the heteromorphic W chromosome, such as
LeSpel (PARISE-MALTEMPI et al. 2007) LeSpell (DA SILVA et al. 2012) and some
standard microsatellites (POLTRONIERI et al. 2014). According to Parise-Maltempi et
al. (2007), M. elongatus might be on a distinct differentiation process of multiple sex
chromosomes Z1Z1Z222/Z1\W1Z2W2 when compared to the rest of the genus. This was
observed after the physical mapping of LeSpel repetitive sequence on both sexes.
The same distribution pattern was observed for the MelSat02-26 and MelSat03-26
variants (Figure 3.b, 3.c), both being sequence fragments of LeSpel. The fact that

LeSpel, then, corresponds to one of the most abundant repetitive element regarding
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the analysed reads in the present work. What is interesting to notice is that, although
being a sequence fragment of LeSpel, MelSat03-26 presented three distinct signal
blocks for both Z2W2, same pattern as W+1. This could mean different clusterisation of

this repetitive element, with dynamic accumulation between individuals.

Megaleporinus elongatus lineage diverged ~2.5Myr from its close related
species (RAMIREZ et al. 2017), which may indicate the state of multiple sex
chromosomes as being an even more derived trait in comparison to the simple ZZ/
Z\W system. The difference between this multiple system and the simple ZZ/ZW is the
lack of further heterochromatinization on the multiple pairs (DE ALMEIDA-TOLEDO &
FORESTI, 2001; MARTINS, 2007; DE OLIVEIRA et al. 2007; SCHARTL et al. 2016),
as the female W2 does not present an increase of heterochromatin content in the q
arm (PARISE-MALTEMPI et al. 2007). The quick differentiation through repetitive
accumulation that occurred in the genus as a whole might reflect the satDNA
duplication and establishment in different chromosomes apart from the
heteromorphic one, resulting in their eventual role in the sex system, as seen in the
present work for MelSat02-26 and MelSat03-26 distribution.

According to Ramirez et al. (2017), the most recent common ancestor for the
genus possessing the ZZ/ZW system dates from ~9.27Myr-12Myr, a relatively recent
event in comparison to other sex systems, corroborating the state of young sex
chromosomes that may be found in fish (EZAZ et al. 2006; MANK & AVISE, 2009).
As shown by the same authors in the recent Megaleporinus reclassification, the
presence of a sex chromosome system can be regarded as a relevant phylogenetic
trait when analysing Neotropical fauna, or fish in general. The sex chromosome
differentiation process can lead to a different genus or a group dismemberment (what
eventually happened to the previous Leporinus group), and their analysis helps
investigate chromosomic and genomic evolution and patterns regarding genetic sex

determination and the content of these specialised chromosomes.

The present work was the first attempt to isolate a large amount of satellite
DNA variants, directly from sequenced genome reads, and map them on the female

karyotype, focusing on the heteromorphic sex chromosome content. We unveiled the
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diverse distribution of satDNAs in the heteromorphic sex chromosome of the species,
showing its abundant occurrence and relating to the recombination-supressed region
that led the W+ chromosome acquire such remarkably different morphology from the

rest of the karyotype.
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Table 1 - Isolated satellite DNA variants from Megaleporinus elongatus female and their main
characteristics, as well as the subsequent designed primers.

Cluster

CL_1

CL 2

CL_3

CL 4

CL 5

CL_7

CL_20

CL_21

CL_27

CL_33

CL_35

CL_42

satDNA
variant

MelSat01-36

MelSat02-26

MelSat03-26

MelSat04-20

MelSat05-21

MelSat06-24

MelSat07-177

MelSat08-37

MelSat09-42

MelSat10-25

MelSat11-61

MelSat12-37

Consensus
sequence

CATTATCAGTACTT
TCTACTCCTTACAT
TTACACTC

TCGCTCGCTCCGT
GTTCGTTCCGCGT

AGCGAACGCGGA
ACGAGCACGGAG
CG

GTAGTGGTTAGTA
CGGTGGT

TTTATATCCTGTGA
CAGTTTC

TGGTAGTGTACTA
AAACGTTTGAC

ATCACAATTTGAG
GTCCCATAAAATA
GACAAATCAAATT
GTTATCAAATTATA
CCAGCATATTCCT
GAAGAACACTCTC
TCTTGTACCCATG
CTATGATGAACAA
GTAATTTTACTGTA
GGAATTTGGAGTA
ATGCGATGACAAA

TTACAGTTTACCT
GTACACAGGTAGG
TGAAGGTAGTG

AACACCTACCTTG
TACTTCCACTAACT
GGCCACTTTATTA
GA

GGTTAGGGTTTAG
TGTAAATGTAGG

TGAGAAACTGTAA
CTCAGTTTATATAC
AATACCTACATTTA
GAGTTATACATTCA
ACCTAA

GTTATACTCCAGA
CCCCTATATCAGCT
ATCAGACACT

Length A+T
(bp) (%)
36 66.7
26 34.6
26 30.8
20 50
21 66.7
24 62.5
177 69.4
37 58.3
42 55.6
25 60
61 69.4
37 55.6

Genome/
Reads
Proportio
n (%)

0.742

0.533

0.508

0.507

0.506

0.472

0.279

0.265

0.216

0.173

0.152

0.132

Designed Primers

Forward

ATTTACACTCCATTA
TCAGT

CGTTCGCTCGCTC
CGTG

GGAGCGAGCGAAC
GCGGA

TACGGTGGTGTAGT
GGTTAG

CTTTATATCCTGTG
ACAGT

ACGTTTGACTGGTA
GTGTA

ACACTCTCTCTTGT
ACCCAT

AGGTGAAGGTAGT
GTTACAG

AGAAACACCTACCT
TGTACT

GGGTTTAGTGTAAA
TGTAGG

ACCTACATTTAGAG
TTATA

CTGTTATACTCCAG
ACCCC

Reverse

TAAGGAGTAGAAAGTA
CTG

AACGAACACGGAGCG
AGC

TGCTCGTTCCGCGTT
CGCT

CTAACCACTACACCAC
CGTA

AAACTGTCACAGGATA
TAAA

TTTAGTACACTACCAG
TCAA

TCTTCAGGAATATGCT
GGTATA

ACCTGTGTACAGGTA
AACTG

AATAAAGTGGCCAGTT
AGTG

TAACCCCTACATTTAC
ACTAA

ATTGTATATAAACTGA
GTTA

GTCTGATAGCTGATAT
AGGG
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CL_43

CL_51

CL_52

CL_58

CL_59

CL_66

CL_74

CL_82

CL_83

CL_93

CL_94

CL_98

CL_108

MelSat13-67

MelSat14-51

MelSat15-245

MelSat16-43

MelSat17-39

MelSat18-121

MelSat19-22

MelSat20-25

MelSat21-34

MelSat22-61

MelSat23-52

MelSat24-30

MelSat25-21

CTGGATTATAATC
ACTCCACAGTTAT
TACTGTCAGACTG
TAAACACTACACA
CACTGCAGATTCA
TA

TGTAAAAGCACTA
CTTACTCTATTAAT
ACTGTTTAATATTT
AATAATAAAG

GTTTCTGACGCTT
CTAAGCCCTTAGA
AAGCGTTTGGAG
TGCAGAAGGCGC
TTTTTCACTGTTT
TACTGCGAGTAGA
ATGACTTTTGCAA
TCAAAGGCAGAT
CACTCCACCAAC
TTGAATGTTGCAC
CTACATATCTGGT

GTATTACAGCTTC
TGTTCTTTTCAGT
GTTTCAGTATTCA
GCCT

CACTGTTCCTTCA
TCCCTTCATTCCT
TTATCATCACCAA

TGCATTTAAAACA
CTTTTAATCCAGC
AGGGAGCATCCT
CATGACCTCTGC
GGGGATTTAGAG
CACCAAAGGCGG
CCTACTGTAAGGC
TCATGACCCCCA
GAAGTGGCTTATT
CCATAGCAG

GTTGATCACTGTA
ATGGTCAGA

TTTTGATTTCTTG
TCCTTCTTCAGA

AATGAGTACACTT
CTATACTTCACCT
ACTACACT

CTTCCCTCTCTAT
CTAATCTAACCAC
AGCTCGGTTTAAA
CACCGTCTACTC
GACCAGACCG

AGTTTAGTCATTG
TCTGTTGTTTATG
GAGTTTAGTGTGT
CTGAATATGTACC

ACTGAGAGCTGA
TTGGTTAGTATTA
CTGCT

ATTATTCAGAATCT
ACTACTA

67

51

245

43

39

121

22

25

34

61

52

30

21

63.9

75

52.8

66.7

58.3

61.1

59.1

68

64.7

55.6

66.7

60

76.2

0.132

0.113

0.111

0.104

0.101

0.095

0.081

0.075

0.075

0.061

0.059

0.056

0.051

ACTGTAAACACTACA
CACAC

ATATTTAATAATAAAG
TGTAAA

GAATGTTGCACCTAC
ATATC

TTCTGTTCTTTTCAG
TGTTTC

TCATCCCTTCATTCC
TTTATC

ATGACCTCTGCGGG
GATTTA

TTGATCACTGTAATG

GTCAGA

TCAGATTTTGATTTC
TTGTC

CACTAATGAGTACAC
TTCTA

GTTTAAACACCGTCT
ACTCG

AATATGTACCAGTTT
AGTCA

GGTTAGTATTACTGC
TACTGA

AATTATTCAGAATCTA
CTAC

CTGACAGTAATAACT
GTGGA

TAAACAGTATTAATAG
AGTA

AAGTTGGTGGAGTGA
TCTG

GCTGTAATACAGGCT
GAATA

AGGAACAGTGTTGG
TGATGA

AGGATGCTCCCTGCT
GGAT

CTCTGACCATTACAG

TGATC

AGAAGGACAAGAAAT
CAAAA

TAGTAGGTGAAGTAT
AGAAG

CGAGCTGTGGTTAGA
TTAGA

CAGACACACTAAACT
CCAT

AATCAGCTCTCAGTA
GCAGT

AGTAGTAGATTCTGA
ATAAT
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CL_110

CL_114

CL_115

CL_125

CL_128

CL_131

CL_134

CL_135

CL_138

CL_141

CL_142

MelSat26-46

MelSat27-26

MelSat28-50

MelSat29-44

MelSat30-39

MelSat31-38

MelSat32-62

MelSat33-31

MelSat34-127

MelSat35-118

MelSat36-151

GCTACAGTATAGTG
TAGCTCAAACAACC
GGATCAGAAAACCA
GATA

ATTTTGGTGTGCTT
AAGTTTTAATTA

TTTAGAGGGCGGT
GGTGAGTGATGTG
TGTTTATTTGATGTT
AATAACTCC

ACAGAACCCTTAAA
GAAAGAGTGTACAT
GAGCGTTCCCTTTA
CT

GGAGTGAGGGTCA
GTATGACTGTGGAT
TAGACACATAGA

GTCTGTATACCAGC
CTGCACCAGTAAGA
GTCTTCACCT

GCCTAAATATCATCA
TAAAACTGTACTAC
CTGTATTTAAACCAT
AGGTAGGATAATTT
GATA

TGTTTCAGAGTGGT
CAGTTTTACTGGTT
TAC

GGGCCATACTAGTA
CTGGATGCATCTGC
AGGATATCGCGGC
CGCGTCTTCAGAG
GGGGATAGCATGA
CCTCACGCCTTCTA
TAAAAGCCCTCCCT
TAGTCTTTTGATTAT
CCCATGACATTACA
CTT

ACTAGTATGGCCCG
GGGGATCCTAGAG
ACCATTCGCGATTC
CATGAGACTCCAAG
GGTTCTGCACAACT
TATGCACCTCTATTA
GATCATTGTGTTCT
ACGAAGCCTGGAC
TGCATTA

ACTAGTATGGCCCG
GGGGATCCTTATCT
GTCAAAACCGCTAA
TGTCCGTTCTAAGA
CCGTCTGGAGAAC
ACTTGCCCATCAGT
GCTTTTGAACCTTT
TTTTCACAGGTCCC
TTCCGATTACACTG
AGAAGCTGACCAC
ACCTGCTAGAAGA

46

26

50

44

39

38

62

31

127

118

151

57.1

71.4

42.9

61.9

47.6

42.9

71.4

61.9

47.6

38.1

38.1

0.051

0.049

0.047

0.043

0.042

0.040

0.040

0.040

0.039

0.039

0.039

AACCAGATAGCTACA
GTATA

GTTTTAATTAATTTTG
GTGT

TTTGATGTTAATAACT
CCTTT

TACTACAGAACCCTT
AAAGAA

AGGAGTGAGGGTCA
GTATGA

CCTGCACCAGTAAG
AGTCT

TTTAAACCATAGGTA
GGATA

CAGTTTTACTGGTTT
ACTGTT

GTCTTCAGAGGGGG
ATAGCA

GAGACTCCAAGGGT
TCTGC

AACACTTGCCCATCA
GTGCTT

TTCTGATCCGGTT
GTTTGA

TTAAGCACACCAA
AATTAA

TAAACACACATCA
CTCAC

AAGGGAACGCTC
ATGTACA

CTATGTGTCTAAT
CCACAGTC

TGGTATACAGACA
GGTGAAG

TACAGGTAGTACA
GTTTTAT

ACCACTCTGAAA
CAGTAAAC

GCGGCCGCGATA
TCCTGC

ATGGAATCGCGA
ATGGTCTC

CTCCAGACGGTC
TTAGAACG
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CL_143 MelSat37-153

CL_144

CL_147

CL_149

CL_150

CL_153

CL_154

CL_169

CL_174

CL_176

CL_178

CL_179

MelSat38-161

MelSat39-30

MelSat40-41

MelSat41-90

MelSat42-35

MelSat43-29

MelSat44-65

MelSat45-31

MelSat46-27

MelSat47-21

MelSat48-28

ACTAGTATGGCCCGGGG
GATCCGTATACGTTTCTA
ATTTGTAGTTAACGGTTG
GATACCACTTTGAGGCA
TGTAATATGGTACTGAGC
TTCGGCACAGGGCTCA
AATTGCATCATTAAATGT
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Table 2 - Chromosome localisation of the clustered satDNA variants in M. elongatus
female metaphases. Hyphen indicates the absence of FISH signals. C: centromeric
position; D: distal; I: interstitial; T: telomeric.

SatDNA Chromosome localisation

Sex chr (W1) Autosomes
MelSat01-36 I -
MelSat02-26 T, | D, I (1 pair)
MelSat03-26 T | D, I (1 pair)
MelSat04-20 C, I -
MelSat06-24 I -
MelSat07-177 C C (4 pairs)
MelSat08-37 I -
MelSat10-25 T -
MelSat13-67 I -
MelSat15-245 - C (7 pairs)
MelSat16-43 Cc -
MelSat18-121 - T (1 pair)
MelSat23-52 I I (1 chromosome)
MelSat24-30 T -
MelSat31-38 - C (1 pair)

MelSat33-31 | -
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Figure Legends

Figure 1. RepeatExplorer output histogram for the analysed random reads from the
female genome. The 356010 reads (to the left, in pink) were grouped into 48547
repetitive clusters, comprising approximately 22% of the analysed total reads. From
these, the top 247 clusters were given as output files for the manual annotation. The
remaining 643990 reads (right, in green) were deemed singlets and were not

clusterised.

Figure 2. Sequence alignment of MelSat03-26 variant with LeSpel clone
(EF107661.1) (PARISE-MALTEMPI et al. 2007). Gap at position 269 indicates the
single nucleotide difference between the sequences. Pairwise identity: 96.2%;
Identical Sites: 99.8%.

Figure 3. Chromosome mapping of clustered isolated satDNA variants, in mitotic
metaphases of Megaleporinus elongatus female specimens (a-p). Arrow indicates the
heteromorphic sex chromosome (W+1) and arrowheads indicate FISH signals on

autosomal pairs. Bar = 10um.

Figure 4. Ideogram of the heteromorphic W chromosome (W) with the clusterised
satDNA variants and their according positions. The color coded bands are for each
hybridised variant, depicting the more than one signal block when that was the case

for that satDNA. The p and q arms are also identified.

Figure 5. Physical mapping of MelSat02-26 an MelSat03-26 satDNA variants in
mitotic metaphases of Megaleporinus elongatus male. For MelSat02-26 (a) there
were no clustered signals, and for MelSat03-26 (b) the arrowheads indicate FISH
signals on autosomal pair similar to LeSpel (PARISE-MALTEMPI et al. 2007). Bar =
10um.
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ABSTRACT

Species from the recently reclassified genus Megaleporinus share a ZZ/ZW sex
chromosome system with a highly heterochromatic heteromorphic W chromosome.
The genus poses as an interesting model for studies of evolution and selection of sex
chromosomes in fish, as the highly repetitive composition of their W chromosomes
might explain their recent acquirement when compared to close related species that
lack differentiated sex chromosomes, such as Leporinus. Previously isolated satDNA
variants were retrieved through high-throughput analysis of a Megaleporinus
elongatus’ female genome and were tested regarding physical mapping in the
species’ metaphases. The 16 most abundant variants that showed positive FISH
signals in M. elongatus tested in both Megaleporinus macrocephalus, which also
possesses a highly heterochromatic W chromosome, and Leporinus friderici, a
species without heteromorphic sex chromosomes. PCR resulted in positive
amplifications for both species extracted DNA, and physical mapping through FISH
was carried out afterwards. From these variants, 8 were clustered in M.
macrocephalus W chromosome, with various distributions and slight discrepancies in
relation to M. elongatus’ chromosomal localisation. We corroborated the degree of
homology between their W chromosomes, sharing repetitive content involved in the
genus sex chromosome and specific recombination-suppressed regions, but with
clusterisation patterns for both copy number and chromosome localisation being
different between the two species. This indicates the different accumulation
processes happening to the same sequences in both heteromorphic chromosomes in
posterior events after their origin, leading to divergences regarding the composition
of the specific region of their heteromorphic sex chromosomes. The fact that M.
elongatus is even on a different step of differentiation regarding its multiple sex
chromosome system reiterates that. For L. friderici, the FISH signals for only two
variants and overall absence of clustered satDNAs denotes the most relevant
difference between the repetitive composition of both genus, and possibly the still
ongoing process of heterochromatin accumulation on L. friderici’s still non-
differentiated sex chromosomes.
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Introduction

In contrast with mammals and birds, that have well-known conserved sex
chromosomes shared along the majority of their species, with male heterogamety
and female heterogamety respectively, fish have a plethora of sex chromosome
systems. The most frequent occurrence are homomorphic sex chromosomes, that
often do not have a pronounced differentiation in comparison to their homologues
(DE ALMEIDA-TOLEDO & FORESTI, 2001; SCHARTL et al. 2016). Heteromorphic
sex chromosomes, however, with either ZW, XY, both or in multiple systems, have
been identified in different teleost families, and this lability is constantly being brought
to attention (DE ALMEIDA-TOLEDO & FORESTI, 2001; EZAZ et al. 2006; MANK &
AVISE, 2009; SCHARTL et al. 2016).

Cichlids, sticklebacks, medaka, Megaleporinus, Hoplias and Triportheus are
among some intensely studied fish with species that possess heteromorphic sex
chromosomes, and are often analysed regarding their sex chromosomes
composition, distribution and evolution (ROSS et al. 2009; TAKEHANA et al. 2007;
GALETTI et al. 1995; PARISE-MALTEMPI et al. 2007; KITANO et al. 2009;
ROBERTS et al. 2009; YANO et al. 2017; DE OLIVEIRA et al. 2018).

This variable chromosomal structure, regarding sex chromosome
differentiation, is usually attributed to heterochromatinization and repetitive DNA
accumulation, following the event of recombination disruption among the recently
sex-determining autosome and its homologue (PEICHEL et al. 2004;
CHARLESWORTH & CHARLESWORTH, 2005; BERGERO et al. 2008).

Repetitive DNAs are highly dynamic genomic sequences, constituting large
portions of eukaryotic genomes, and playing important roles in their structure,
function and evolution (FLAVELL et al. 1974; JURKA et al. 2005; PLOHL et al. 2008,
PLOHL et al. 2012). They have been associated with sex chromosome differentiation
as a whole (CHARLESWORTH & CHARLESWORTH, 2005, WRIGHT et al. 2016)
and, therefore, mapping those associated with heteromorphic sex chromosomes in

fish may be an useful tool for evolutionary analysis in this aspect (CHARLESWORTH
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& CHARLESWORTH, 2005; EZAZ et al. 2013; EZAZ & DEAKIN, 2014; EZAZ et al.
2016).

The Anostomidae is one of the biggest Neotropical fish families, and has
interestingly conserved karyotypic structure amongst its species. With diploid number
2n=54 and essentially metacentric and submetacentric chromosomes, a relatively old
structure for it is expected (GALETTI et al. 1991). This group is particularly attractive
regarding sex chromosomes analysis given the occurrence of ZZ/ZW system in few
of its species, despite the conserved diploid number and overall conserved karyotype
throughout the family.

The Leporinus recently revised by Ramirez et al. (2017), allocated species
presenting heteromorphic sex chromosomes (ZZ/ZW system) (Leporinus elongatus,
L. muyscorum, L. obtusidens, L. brinco, L. conirostris, L. trifasciatus, L.
macrocephalus, L. piavussu e L. reinhardti), amongst other morphological features,
into the new genus Megaleporinus. The remaining species, like Leporinus friderici,
species studied in this paper, either lack distinguishable sex chromosomes or are

cytogenetically unknown.

The ZW system in the Megaleporinus was proposed as a synapomorphy by
Galetti et al. (1995), and the group’s monophyly for extant species was supported by
phylogenetic analysis (using COI, Cytb, RAG1, RAG2 and MYh6) (RAMIREZ et al.
2017). The W chromosomes in all Megaleporinus species are morphologically similar,
always the biggest chromosomes out of their karyotypes, subtelocentric and highly
heterochromatic q arm, as shown by C-banding analysis (GALETTI et al. 1995); their
Z chromosome, on the other hand, has a similar size to the autosomal chromosomes
(NAKAYAMA et al. 1994; GALETTI et al. 1995; PARISE-MALTEMPI et al. 2007;
HASHIMOTO et al. 2009). The Megaleporinus W chromosomes’ enlargement is
attributed to increase heterochromatinization, a feature also analysed in other ZW
fish like some species of Parodon and Semaprochilodus (GALETTI JR. & FORESTI,
1986; FELDBERG et al. 1987; MOREIRA-FILHO et al. 1993).
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The highly dynamic repetitive content and complexity level regarding the
heteromorphic W chromosome is a feature shared among few Anostomidae species,
and the Megaleporinus have had several W chromosome-associated sequences,

physically mapped and compared between species (NAKAYAMA et al. 1994,
KOEHLER et al. 1997; PARISE-MALTEMPI et al. 2007; PARISE-MALTEMPI et al.

2013; DE BORBA et al. 2013; POLTRONIERI et al. 2014; DE BARROS et al. 2018).

Parise-Maltempi et al. (2007) isolated the repetitive element LeSpel from M.
elongatus, a sequence that showed sex-specific patterns and helped indicate the
probable multiple sex chromosome system (Z1Z1Z222/Z1W1Z2W2) for the species. The
same LeSpel probe was used in congeneric species M. macrocephalus and M.
obtusidens (MARRETA et al. 2012) and although there similarities between the
signals amongst the three analysed W chromosomes, there were still minor
discrepancies. No additional bands in autosomal pairs for M. macrocephalus and M.
obtusidens were observed, reiterating the possibility of another sex chromosomes
differentiation step for M. elongatus. The LeSpel sequence also lacked hybridisation
on Leporinus friderici (which does not have a ZZ/ZW system), a fact that reinforced

this repetitive DNA's specificity regarding differentiated sex chromosomes.

A microdissection study regarding three Megaleporinus species, M. elongatus,
M. macrocephalus and M. obtusidens, and their respective W chromosomes was
published by Parise-Maltempi et al. (2013). In this study, probes made from each W
chromosome were hybridised through Cross-FISH with each species, and they
evaluated the degree of homology between the heteromorphic sex chromosomes as
a whole. Their results showed a certain degree of conserved composition amongst
their W chromosome, reiterating the possible common origin and invasion of same
repetitive sequences. The slight differences, however, might be attributed to different
distribution of repetitive elements, as the WLe probe also hybridised in M.
macrocephalus and M. obtusidens Z chromosomes, but not on M. elongatus one.
The analysed species that do not possess differentiated sex chromosomes did not

show hybridisation signals.
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Another microdissecting study was performed by De Barros et al. (2018), by
probing the W chromosome of M. trifasciatus and comparing with M. macrocephalus
and M. elongatus sex chromosomes. The authors observed great similarity between
the hybridisation signals between the W chromosomes of the three species, with the
small differences being attributed to different repetitive elements being accumulated

in different locations on each species.

Regardless of the possible common origin for this sex chromosome and
similar chromosome morphology, distribution of the repetitive DNA content analysed
so far already marks the differences between Megaleporinus species (PARISE-
MALTEMPI et al. 2007, DA SILVA et al. 2012; DA SILVA et al. 2013; DE BORBA et al.
2013; DE BARROS et al. 2018). This reinforces the notion that sex chromosomes in
this genus have probably evolved at distinct rates and acquired different repetitive
composition. A more complete analysis regarding this heterochromatin content at
molecular level might highlight even more differences between the species
heteromorphic chromosomes, as well as help understand the repetitive DNA origin

and evolution throughout the genus.

Despite sharing a common ancestor with other Megaleporinus, (RAMIREZ et
al. 2017), M. elongatus might have even more distinguishable repetitive elements in
its heteromorphic sex chromosome composition, which may play an important role in
the stage of differentiation to multiple sex chromosomes. Indeed, repetitive
sequences’ role in sex chromosomes differentiation in the Anostomidae is crucial, but
the evolutionary process leading to W sex chromosomes evolution, a trait shared
amongst the Megaleporinus species, but at the same time with different

compositions, remains unknown.

Therefore, here we used the most abundant satDNAs from the M. elongatus
female genome isolated for the first time by Crepaldi & Parise-Maltempi (2019), in the
first chapter of this thesis. We physically mapped this sequences in metaphases from
Megaleporinus macrocephalus, a close-related species that has ZZ/ZW system, and
Leporinus friderici, to analyse these sequences’ occurrence in a species without

differentiated sex chromosomes. The present work focused on a comparative
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analysis between these species using fluorescence in situ hybridisation, hoping to
understand the evolutionary dynamics of these repetitive sequences into the group’s

sex chromosome differentiation.

Materials and Methods

Chromosomal preparations and tissues from 3 female Megaleporinus
elongatus were previously obtained from Centro Nacional de Pesquisa e
Conservagao de Peixes Continentais - Instituto Chico Mendes de Conservacéo da
Biodiversidade (CEPTA-ICMbio) Pirassununga, Sao Paulo, Brazil. The material was
kept refrigerated at -4°C at the animal cytogenetics laboratory in UNESP Rio Claro
and authorised for manipulation by CEUA (protocol number 3524, approval code
09/2017). Also, chromosomal preparations and tissues from 3 female Megaleporinus
macrocephalus and 2 female Leporinus friderici were used, previously obtained from
Mato Grosso state, and authorised for manipulation in accordance with Instituto
Brasileiro do Meio Ambiente e Recursos Naturais Renovaveis (19833-1) and Colégio
Brasileiro de Experimentagdo Animal (016/04 - CEEA).

Satellite DNA variants from M. elongatus female were previously isolated and
physically mapped by the authors and were used in the present work for species
comparison (Table 1, Crepaldi, 2019). The 16 satDNA variants that showed FISH
signals on M. elongatus female were tested in the present work on M.

macrocephalus and L. friderici.

Polymerase chain reactions (PCR) using these primers were carried out in
order to validate the presence of these satDNA in M. macrocephalus and Leporinus
friderici. Genomic DNA from both species was extracted from liver tissue using a
genomic DNA purification kit by Wizard® (Promega). The extractions followed the
protocol provided by the manufacturer, with the addition of a RNA removal step using
RNAse (20mg/ml) (Roche®). The PCR conditions were carried out according to
Crepaldi, 2019.
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To generate fluorescence in situ hybridisation probes, amplified PCR products
for each M. elongatus satDNA were labeled by nick translation including
digoxigenin-11-dUTP (Roche®). For the FISH experiments, chromosomal
preparations of mitotic chromosomes from Megaleporinus elongatus, M.
macrocephalus and Leporinus friderici females were used, obtained from anterior

kidney cell suspension of individuals according to Foresti et al. (1981).

The fluorescence in situ hybridisation analyses were performed according to
Pinkel et al. (1986) protocol, with modifications by Cabral-de-Mello et al. (2010) and
regarding denaturing time with 70% formamide (1m45sec at 72°C). Anti-digoxigenin-
rhodamine (Roche®) was used for signal detection, and the chromosomes were
counterstained with DAPI (4',6-diamidino-2'-fenilindol) + Vectashield (Vector®). The
slides were visualised via fluorescent microscopy with Olympus® BX51 and a digital
camera attached (Olympus® DP71). Chromosome images were captured using DP
Controller program and the merged images of both the metaphases and the signals
were optimised using photo-editing softwares for optimised brightness and contrast

and to caption each photo.

Results

As previously done by the authors, M. elongatus female genome had random
reads clusterised by RepeatExplorer and 69 satDNA variants were isolated and
manually annotated. From the isolated satDNA variants, the authors showed 16
successfully hybridised in the M. elongatus female’s chromosomes, showing a
clustered pattern in single or with multiple bands across the W chromosome and
some autosomal pairs. These variants were among the most abundant in the
analysed reads from the genome, and they were very well distributed across the
heteromorphic sex chromosome and two of them, MelSat02-26 and MelSat03-26,
also showed resemblance to the LeSpel repetitive sequence and the supposed
multiple sex chromosomes (PARISE-MALTEMPI et al. 2007).

These same 16 satDNA variants were verified through PCR in M.

macrocephalus and L. friderici and also showed bands in agarose 1% gels,
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confirming the amplification also in both of these species. From the probed PCRs
products, only 9 showed conspicuous FISH signals in M. macrocephalus
metaphases, and these were amongst the most abundant isolated from the M.
elongatus analysed genome, also having hybridised in M. elongatus (Table 1). No
satDNA variant was clustered exclusively in M. macrocephalus.

Apart from one (MelSat15-245), the other 8 satDNAs probed successfully in
M. macrocephalus heteromorphic W chromosome (Figure 1). MelSat15-245
hybridised on more than one pair of autosomes in their centromeric position, such as
in M. elongatus (Figure 1.8). Most of these were not exclusive to the W chromosome,
with MelSat04-20, MelSat06-24, MelSat08-37 and MelSat10-25 also hybridising in
autosome pairs (Figure 1.5, 1.6, 1.7). MelSat07-177, apparently a centromeric
repetitive sequence, did not show hybridisation on any M. macrocephalus

chromosomes.

Distribution across the W chromosome was varied, with most of them showing
significant signal blocks on interstitial regions of the bigger arm. The signals showed
resemblance to the M. elongatus ones, with slight differences regarding some of their

positions (Figure 2).

Regarding L. friderici, although PCR amplifications generated positive bands
for the analysed satDNA primers, there were no hybridisation signals on the species’
metaphases, apart from just two variants (MelSat06-24 and MelSat07-177) (Figure 3)
These were marked in a par of chromosomes, MelSat07-177 (Figure 3.2) in a similar

manner with M. elongatus, possibly regarding a centromeric repetitive.

Discussion

Previously isolated satDNA variants from M. elongatus female in a
concomitant work (CREPALDI, 2019, first chapter of this thesis) were tested in the
present work, specifically those that showed conspicuous FISH signals in M.

elongatus. From the 16 variants tested, 9 showed clusterised patterns in M.
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macrocephalus and 2 in L. friderici. Overall, the isolated satDNA variants from M.
elongatus are shared among these species, even with the one that does not possess
sex chromosomes. Although present on the analysed genetic material, the satDNA
variants have their distribution and clusterisation patterns variable among the three
species, as confirmed by FISH.

Although also dispersed in several blocks across the W chromosome q arm,
the variants’ distribution in M. macrocephalus were relatively different when
compared to M. elongatus, not showing clusterised patterns for some of the variants
(Figure 2). Once again, although these chromosomes present apparent homology in
the close-related species, intrageneric polymorphisms related to
heterochromatinisation degree and repetitive sequences accumulation can be
observed (MARCHAL et al. 2004; PEICHEL et al. 2004; CHARLESWORTH &
CHARLESWORTH et al. 2005; EZAZ et al. 2009; KEJNOVSKY et al. 2009), and fish
are remarkable examples of this. This variation have recently been analysed in few
other Neotropical fish genus, like Triportheus (YANO et al. 2016, 2017), Hoplias (DE
OLIVEIRA et al. 2018), Ancistrus (DE OLIVEIRA et al. 2008) and the Characidae
family (UTSUNOMIA et al. 2017); as for Astyanax (DUILIO et al. 2017), although
regarding the B chromosome occurrence in the genus, the same questions about
probable common origin of the supernumerary chromosome for their species and

subsequent repetitive elements accumulation, can also be applied.

A certain level of homology between the W chromosomes of Megaleporinus
species have been demonstrated before, noting different hybridisation patterns for

microdissected W chromosomes and specific sequences.

Parise-Maltempi et al. (2013) probed M. elongatus W chromosome and also
hybridised it with M. macrocephalus and M. obtusidens. The authors demonstrated a
common origin for these species’ heteromorphic chromosomes, with high repetitive
sequence content shared amongst them, although with particular divergences.
However, the M. elongatus different sex chromosome evolutionary state may have
also been noted by the authors, as the WLe probe, for the species W chromosome,

did not hybridise in their own Z chromosome, showing FISH signals only for the other
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two species’ Z chromosomes. This was highlighted as a different repetitive
accumulation pattern happening amongst this congeneric species’ sex systems,
despite their similarities regarding the heteromorphic chromosome occurrence and

morphology.

Physical chromosome mapping of LeSpel (PARISE-MALTEMPI et al. 2007)
was carried out in M. macrocephalus and M. obtusidens females (MARRETA et al.
2012), and positive signals were only seen in these two species for their
heteromorphic W chromosome, with three blocks in the long arm. The fact that
MelSat02-26 and MelSat03-26, fragments of LeSpel repetitive sequence, thought to
be linked to M. elongatus multiple sex chromosomes system (PARISE-MALTEMPI et
al. 2007), did not hybridise in M. macrocephalus autosomal pairs (Figure 1.2, 1.3)
corroborate to Marreta et al. (2012) and Da Silva et al. (2013) physical mapping of
LeSpel in other Megaleporinus chromosomes. Once again, the absence of this
sequence in M. macrocephalus karyotype apart in a clustering pattern apart from the
W chromosome indicates its sex-related nature, but in a different system in M.

elongatus.

De Barros et al. (2018) found a high degree of homology between W
chromosomes from Megaleporinus trifasciatus, M. macrocephalus and M. elongatus
using microdissection probes, suggesting the small differences between them to be
regarded to different repetitive elements accumulation. In the present work, we
evaluated M. elongatus and M. macrocephalus W chromosome comparison at a
molecular level, pinpointing the sequences shared among these species starting from

M. elongatus satellitome.

These previous works, however, demonstrate only a certain degree of shared
composition among the species W chromosome with isolated cases of repetitive
sequences or regarding the chromosomes as a whole, without a refined analysis of
each sequence composing the heteromorphic chromosomes. In the present work,
the comparison between M. elongatus and M. macrocephalus focused on their
shared satDNA composition and even the sequences’ clusterisation patterns in their

karyotypes, in order to evaluate their differences at a more broad and detailed
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molecular level. Our results corroborates the certain homology level already
proposed for Megaleporinus species; however, we also showed the satDNA different
clusterisation patterns for both copy number and chromosome localisation. We also
highlighted the shared repetitive content and, although possibly sharing sex-
determining genes but with each species heteromorphic chromosome having
accumulating these elements differently in the recombination-suppressed region. The
fact that these variants hybridised in some autosomal pairs of both M. elongatus and
M. macrocephalus, especially their centromeric positions, notes the shared repetitive

content regarding other chromosomal features as well, not only sex-related.

The Megaleporinus genus was recently confirmed as a monophyletic group by
Ramirez et al. (2017), and the ZW system was proposed as a synapomorphy recently
acquired, roughly 9.27Myr-12Myr ago, arising from an ancestor species (GALETTI et
al. 1995, RAMIREZ et al. 2017). Despite the well-conserved karyotypic structure of
Anostomidae in general (GALETTI et al. 1991), the sex chromosome acquisition by
Megaleporinus was a relatively recent event, once again highlighting the “young”
nature of fish sex chromosomes and their capability to rapidly acquire differentiated
sex chromosomes. Alongside that, as different sex systems can occur in a same
family or between congeneric species, the fact that M. elongatus poses an even
different step of differentiation might indicate the genus rapid and diverse repetitive

DNAs acquisition.

M. elongatus and M. macrocephalus diverged around 9.27Myr, just as all
Megaleporinus species began to emerge. This could imply that the recent acquired
sex system by a common ancestor was under different repetitive DNA accumulation
patterns for each species. Therefore, the fact that these heteromorphic chromosomes
share a collection of satellte DNAs scattered throughout their heterochromatin
corroborates their common origin yet complex evolution for this chromosome in the
genus. The initial step for chromosome differentiation for Megaleporinus took place
with accumulation of highly heterochromatic segments in the sex chromosome, which
then led to the emergence of similar repetitive sequences but organised in different
patterns across the genus. The library hypothesis (FRY & SALSER, 1977;
MESTROVIC et al. 1998) suggests that close-related species share common satDNA
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coming from sequences of a common ancestor, but have suffered concerted
evolution, each under different selective pressures and resulting in different repetitive
amplification degrees in each species (MESTROVIC et al. 2006; PLOHL et al. 2012,
RUIZ-RUANO et al. 2016). This was observed by the authors regarding the
occurrence of the sequences in M. macrocephalus genetic material (as seen by PCR
amplification) but with different FISH signals and clusterisation patterns when

analysing the species’ chromosomes in comparison to M. elongatus.

When analysed alongside Leporinus friderici, the satellite DNA content from
M. elongatus shows an expected but interesting data. The lack of clusterised patterns
in L. friderici for the analysed satDNA variants shows the lack of highly accumulated
repetitive content in comparison to the close-related Megaleporinus genus. As noted
by Marreta et al. (2012), no signals for LeSpel were observed for Leporinus friderici
chromosomes, and Parise-Maltempi et al. (2013) also noted that the microdissected
heteromorphic W chromosome from M. elongatus did not hybridise in any of the

species that lack sex chromosomes (such as L. friderici).

The absence of FISH signals, as seen in the present work with a more refined
W chromosome repetitive content and physical mapping, remains true for L. friderici.
However, the PCR amplification for the satDNA variants in the L. friderici DNA notes
that they are not excluded from the species genetic material. Their presence is in a
low copy number, not accumulated enough to be visible through FISH as easily
recognisable as in the W heteromorphic chromosome for M. elongatus and M.
macrocephalus. The shared repetitive content amplified in the three species might
indicate the common emergence and invasion of these satellite DNA along the two
genus, but the highly heterochromatic sex chromosome might have driven these
sequences to duplicate even further, enlarging the chromosome and deeply

clusterising along their genomes in comparison to Leporinus.

The fact that these sequences are present in L. friderici still on non-clusterised
patterns might indicate the possibility of eventually duplicating and accumulating on
the non-differentiated sex chromosome and triggering its heteromorphic

characteristics, just as it happened with Megaleporinus. As seen by the present work,



78

alongside the fact the ZZ/ZW system in Megaleporinus have a very recent origin
(RAMIREZ et al. 2017), and might just be under other differentiation processes as the
multiple Z1Z21Z22Z2/Z21W1Z2W2 system in M. elongatus (PARISE-MALTEMPI et al.
2007), the heterochromatin accumulation and repetitive sequences build-up might
still be undergoing for Leporinus, and eventually a similar or even a new sex system
might emerge for these species. Even if still posing non-differentiated sex
chromosomes, the fact that the repetitive DNA accumulation process have taken a
different turn for this genus is still evidence of the divergent and highly variable

genome evolution of Neotropical fauna and fish in general.
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Table 1 - Chromosome localisation of clustered satDNA in female metaphases of M.
elongatus, M. macrocephalus and L. friderici. Hyphen indicates the absence of FISH
signals. C: centromeric position; D: distal; I: interstitial; T: telomeric.

SatDNA Chromosome localisation = Chromosome localisation Chromosome
M. elongatus M. macrocephalus localisation L. friderici
Sex chr
(W1) Autosomes Sex chr (W) Autosomes
MelSat01-36 I - I - -
MelSat02-26 I, T D, | (1 pair) I, T - -
MelSat03-26 I, T D, | (1 pair) I, T - -
MelSat04-20 C, I - I I (1 pair) -
MelSat06-24 I - I C (3 pairs) T (1 pair)
MelSat07-177 C C (4 pairs) - - C (1 pair)
MelSat08-37 | - | (1 -
chromosome)
MelSat10-25 T - I C (2 pairs) -
MelSat13-67 I - - - -
MelSat15-245 - C (7 pairs) - C (3 pairs) -
MelSat16-43 C - C - -
MelSat18-121 - T (1 pair) - - -
MelSat23-52 | (1 - - -
chromosome)
MelSat24-30 T - - - -
MelSat31-38 - C (1 pair) - - -

MelSat33-31
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Figure Legends

Figure 1. Chromosome mapping of clustered isolated satDNAs in mitotic
metaphases of Megaleporinus macrocephalus female specimens (1-9). Arrow
indicates the heteromorphic sex chromosome, and arrowheads indicate FISH signals

on autosomal pairs. Bar = 10um.

Figure 2. Comparison between heteromorphic W chromosomes from M. elongatus
(top) and M. macrocephalus (bottom), with the clusterised satDNA variants from M.

elongatus. M. macrocephalus W chromosome without clusterisation are detailed (*).

Figure 3: Chromosome mapping of clustered isolated satDNAs in mitotic
metaphases of Leporinus friderici female specimens (1, 2). Arrowheads indicate
FISH signals. Bar = 10pm
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Figure 2
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Figure 3
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5. CONSIDERAGOES FINAIS

= O estudo mais refinado de DNAs satélites do genoma da fémea de Megaleporinus
elongatus trouxe informacdes interessantes sobre a composi¢cao repetitiva do
cromossomo heteromorfico W da espécie. Marcacdes especificas foram
identificadas no cromossomo sexual da espécie, denotando o grande acumulo

destas sequéncias nas regides heterocromaticas deste cromossomo.

- Dois variantes de satDNA, MelSat02-26 e MelSat03-26 mostraram padrbes de
hibridacdo semelhantes ao elemento repetitivo LeSpel, e foram confirmados como
sendo partes da sequéncia deste. LeSpel é tido como um importante fator de
identificacdo para o provavel sistema multiplo ocorrendo em M. elongatus, se
mostra um dos DNAs satélites mais abundantes no genoma da fémea. Os dois
satDNAs pertencentes a sua sequéncia sao dois dos mais abundantes isolados no
genoma da fémea; assim, a alta incidéncia destes variantes, e consequentemente
de LeSpel, no genoma da fémea e alta clusterizagdo nos cromossomos pode
demonstrar a influéncia sobre o acumulo repetitivo no cariétipo e a diferenciagao

em cromossomos sexuais multiplos.

- A hibridagdo destes DNAs satélites em M. macrocephalus demonstrou o grau de
compartilhamento de sequéncias entre esta espécie e M. elongatus especialmente
no que concerne ao cromossomo heteromdrfico. Enfatizamos que o grau de
clusterisagdo e organizacdo destas sequéncias nos genomas de ambas as
espécies parece ser um fator importante para os diferentes cromossomos sexuais
recentemente adquiridos no sistema ZZ/ZW do género. O fato de Leporinus
friderici também ter sido investigada e demonstrado quase nenhum acumulo das
sequéncias em seus cromossomos, porém terem sido amplificadas em seu
material genético, evidencia a importancia do acumulo destas sequéncias na

diferenciacao do sistema sexual do grupo.

- Apesar do caridtipo conservado da familia Anostomidae, os DNAs satélites

isolados e mapeados neste trabalho demonstram que estes elementos tiveram
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papel relevante na diversificagdo do cariétipo do grupo, especialmente no que diz

respeito ao aparecimento e diferenciacao de cromossomos heteromorficos.
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