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RESUMO

A caracterizacdo da porcao repetitiva do material genético pode trazer informacfes sobre a
composicao e a estrutura gendmica de uma espécie, bem como sobre os mecanismos envolvidos
na evolugdo de seu genoma e no aparecimento de inovagdes genéticas, Como 0S Cromossomos
sexuais, por exemplo. Uma caracteristica intrinseca a evolugdo de cromossomos sexuais € o
acumulo de DNAs repetitivos, como DNAs satélites (satDNAS) e elementos transponiveis
(TEs), envolvidos em sua diferenciagéo e diversificagdo em vertebrados. Cromossomos sexuais
se apresentam como entidades dinamicas dentro de um genoma, com evolucao, morfologia e
conteido genéticos Unicos. Estes elementos especificos evoluiram de maneiras independentes
dentro de linhagens de vertebrados, se apresentando nos mais diversos sistemas, especialmente
em peixes, anfibios e répteis. O presente trabalho teve como objetivo buscar descrever o
conteudo repetitivo em espécies de peixes neotropicais relacionados com diferentes sistemas
de cromossomos sexuais: Megaleporinus elongatus (Z1Z1Z2Z2/Z1\W1Z2W>), Megaleporinus
macrocephalus (ZZ/ZW) e Leporinus friderici (sem cromossomos sexuais heteromorficos).
Assim, nosso foco foi investigar as diferencas interespecificas destas sequéncias, avaliando
suas possiveis contribuicBes para a evolugdo genémica e de cromossomos sexuais. Para isto,
associamos o0 uso de plataformas de Sequenciamento de Proxima Geracdo (NGS) com analises
de bioinformatica para um acesso mais refinado ao genoma das espécies, permitindo a anotacéo
destes DNAs repetitivos, avaliagdo de suas dinamicas e evolugdo, bem como a distribuicéo
fisica de satDNAs nos cromossomos. Primeiramente caracterizamos e descrevemos o0
satelitoma (conjunto de familias de satDNAs) de Megaleporinus elongatus (CAPITULO 1),
onde comparamos as composi¢cdes de satDNAs entre 0s sexos da espécie. Constatamos que
apesar de possuir o cromossomo sexual altamente diferenciado e heterocromatico, a fémea ndo
apresenta uma diversidade de familias tdo maior do que o macho — ambos possuem uma alta
diversidade de familias enviesadas para seus genomas em comparagdo ao outro Sexo.
Constatamos entdo que foi 0 acimulo e a expansao de apenas algumas familias mais abundantes
na fémea que levou a alta diferenciacdo do cromossomo sexual, e ndo necessariamente a
presenca de uma grande diversidade de satDNAs diferentes ancorados a esse cromossomo. A
historia evolutiva das duas sequéncias mais abundantes também dita como suas coOpias se
expandiram de maneiras diferentes entre M. elongatus e M. macrocephalus. Estes dados
corroboraram a hipotese de composicdes diferentes e evolucdo espécie-especifica para
satDNAs, mesmo entre espécies proximas, e, neste caso, COm Cromossomos sexuais

heteromorficos. Em seguida, avaliamos a composicdo de elementos transponiveis (TES)



(CAPITULO 2) para a descrigio e a comparacdo dos mobilomas de fémeas de M. elongatus e
M. macrocephalus juntamente de uma terceira espécie, Leporinus friderici, completando trés
sistemas sexuais diferentes entre si. Concluimos que apesar da diversidade de familias de TEs
ser relativamente semelhante entre os trés genomas, as dindmicas de invasdo e amplificacéo
destas sequéncias também sdo espécie-especificas. Eventos de expansao foram particulares de
cada genoma estudado, e a expansao rapida e massiva de TES ocorreu em um periodo evolutivo
curto, especialmente apds a separacao das espécies e 0 surgimento dos cromossomos sexuais
em Megaleporinus. Os dados obtidos nesta tese fornecem mais informacdes sobre as
caracteristicas e a organizacdo de satDNAs e transposons e suas respectivas dindmicas nas
espécies estudadas, bem como sua distribuicdo, incidéncia e influéncia ao longo da evolugédo

dos cromossomos sexuais do grupo.

Palavras-chave: Citogenémica; elementos repetitivos; elementos transponiveis; satDNAS;

cromossomos sexuais heteromorficos.



ABSTRACT

The characterization of the repetitive portion of the generic material can provide information
about the composition and genomic structure of a species, as well as the mechanisms involved
in the evolution of its genome and the emergence of genetic innovations, such as sexual
chromosomes. An intrinsic feature in the evolution of sexual chromosomes is the accumulation
of these repetitive DNAs, such as satellite DNAs (satDNAs) and transposable elements (TES),
which are involved in their differentiation and diversification in vertebrates. Sex chromosomes
present themselves as dynamic entities within a genome, with unique evolution, morphology,
and genetic content. These specific elements have evolved independently within vertebrate
lineages, appearing in various systems, especially in fish, amphibians, and reptiles. The present
work aimed to describe the repetitive content in related neotropical fish species with different
sexual chromosome systems: Megaleporinus elongatus (Z121Z2Z2/Z1\W1Z2W-), Megaleporinus
macrocephalus (ZZ/ZW), and Leporinus friderici (without heteromorphic sexual
chromosomes). Thus, our focus was to investigate interspecific differences in these sequences,
evaluating their possible contributions to genomic and sexual chromosome evolution. To
achieve this, we employed Next-Generation Sequencing (NGS) platforms along with
bioinformatics analyses for a more refined access to the species' genomes, allowing the
annotation of these repetitive DNAS, assessment of their dynamics and evolution, as well as the
physical distribution of satDNAs on chromosomes. Firstly, we characterized and described the
satellitome (the whole set of satDNA families) of Megaleporinus elongatus (CHAPTER 1),
comparing the satDNA composition between the sexes. Despite having a highly differentiated
and heterochromatic sex chromosome, the female does not exhibit a significantly greater
diversity of families than the male — both have equally high diversity of sex-biased satDNAs
families. We then observed that the accumulation and expansion of only a few more abundant
families in the female led to the extreme differentiation of the sex chromosome, not necessarily
the presence of a larger diversity of different satDNAs anchored to this chromosome. The
evolutionary history of the two most abundant sequences also dictated how their copies
expanded differently between M. elongatus and M. macrocephalus. These data supported the
hypothesis of different compositions and species-specific evolution for satDNAS, even among
closely related species, and, in this case, with heteromorphic sex chromosomes. Next, we
evaluated the composition of transposable elements (TEs) (CHAPTER 2) for the description
and comparison of the mobilomes of M. elongatus and M. macrocephalus females, along with

a third species, Leporinus friderici, representing three distinct sex chromosome systems. We



concluded that despite the relatively similar diversity of TE families among the three genomes,
the dynamics of invasion and amplification of these sequences are also species-specific.
Expansion events are unique to each studied genome, and the rapid and massive expansion of
TEs occurred in a short evolutionary period, especially after the separation of species and the
emergence of sexual chromosomes in Megaleporinus. The data obtained in this thesis provide
more information about the characteristics and organization of satDNAs and transposons and
their respective dynamics in the studied species, as well as their distribution, incidence, and

influence throughout the evolution of the sex chromosomes in the group.

Keywords: Cytogenomics; repetitive elements; transposable elements; satDNAs; genome

evolution; heteromorphic sex chromosomes.
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1 INTRODUCAO GERAL

1.1  Consideragdes sobre cromossomos sexuais e sua ocorréncia em peixes

A determinacgdo sexual é um processo vital para vertebrados, uma vez que dita quais
individuos irdo se desenvolver em machos e quais serdo fémeas. Muitas espécies apresentam
determinacdo genética do sexo, no qual genes determinantes de caracteristicas sexuais ou
supressoras de caracteristicas do sexo oposto irdo estabelecer qual serd o sexo do embrido em
desenvolvimento. Os cromossomos que adquirem estes genes determinantes séo denominados
Cromossomos sexuais, tornando-se as entidades genémicas responsaveis pela determinacdo do
sexo e se diferenciando de seu par e do restante do conjunto cromossémico do individuo
(Charlesworth, 1991; Bachtrog, 2006; Graves, 2008; Bergero and Charlesworth, 2009; Wright
et al., 2016; Charlesworth, 2021b). As origens e parametros de evolucdo de cromossomos
sexuais ainda sao alvos de pesquisas atuais uma vez que se mostram como elementos altamente

dindmicos, constituindo bons modelos para estudos evolutivos, gendmicos e comparativos.

Os sistemas de cromossomos sexuais geralmente séo categorizados em heterogametias
feminina e masculina, caracterizados pela presenga de cromossomos sexuais W nas fémeas
(sistema ZW) e de cromossomos sexuais Y (sistema XY) nos machos, respectivamente. Estes
Cromossomos, no entanto, podem assumir as mais diversas configura¢fes, com sua identidade
se mantendo ou se alterando através de diversos mecanismos evolutivos (Figura 1) (Wright et
al., 2016; Palmer et al., 2019; Furman et al., 2020).
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Figura 1. Vis&o geral dos passos na evolugdo dos cromossomos sexuais em vertebrados. Esta
rede hipotética de trajetorias evolutivas pode ramificar-se em resultados potencialmente
infinitos, com a possibilidade de estagnar por um longo periodo e até mesmo reverter para certos
estados. Os passos (1-6) sdo os eventos considerados canbnicos, mas genes sexualmente
antagonistas ndo estdo necessariamente envolvidos e podem ser substituidos aqui por genes
ligados ao sexo em geral; (7) - mudanca para hermafroditismo ou ESD, onde ndo ha
cromossomos sexuais presentes; (8) - evolucdo de longo prazo sem emergéncia de
cromossomos sexuais; (9) - persisténcia de longo prazo de cromossomos sexuais pouco
diferenciados; (10) - reversdo para estagios com cromossomos sexuais menos diferenciados;
(11) - expanséo de repeti¢cbes no cromossomo sexual especifico do sexo causando sua mudanca
de tamanho; (12) - acumulagéo de repeticdes em ambos 0s cromossomos sexuais; (13) - fusao
dos cromossomos sexuais com um autossomo levando a expanséo da regido pseudoautossomal;
(14) - emergéncia de um novo locus de determinagdo sexual em outro cromossomo; (15) -
emergéncia de um novo locus de determinagdo sexual dentro dos cromossomos sexuais
existentes; (16a, b) - duas translocagdes do mesmo locus de determinacdo sexual para outros
cromossomos; (17) - origem de um novo sistema de determinacdo sexual com envolvimento de
cromossomos B; (18) - emergéncia de sistemas de determinagdo sexual com trés cromossomos
sexuais homélogos; (19) - fusdo de cromossomos sexuais com um autossomo levando a
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multiplos neo-cromossomos sexuais; (20) - introgressdo de um gene determinante do sexo de
uma populacdo ou espécie diferente; (21) - alopoliploidiza¢do conectada com a emergéncia de
um novo sistema de determinacéao sexual em um genoma de origem hibrida. Para simplificag&o,
apenas o sexo heterogamético é representado. Fonte: Kratochvil et al. (2021).

Assim, a evolucdo de um cromossomo sexual ndo segue necessariamente um processo
unilateral de diferenciacdo. Este cromossomo especializado pode se manter idéntico ou se
alterar completamente de seu par; pode sofrer degeneracdo completa; ou até mesmo ser trocado
por um novo par cromossémico que se torna o novo par sexual (evento denominado de
turnover) (Bachtrog, 2006; Graves, 2008; Wright et al., 2016; Furman et al., 2020) (Figura 1,
passo 14).

Esses diversos eventos evolutivos e configuracdes de cromossomos sexuais se refletem
igualmente na diversidade de ocorréncia deles ao longo dos grupos de eucariotos (Figura 2).
Embora tenham funcionalidade universal no caso, a determinacdo do sexo Cromossomos
sexuais sdo bons exemplos de evolucdo convergente a nivel gendmico, no qual embora
apresentem funcionalidade semelhante, estes evoluiram repetidas vezes, de maneira

independente e nas mais diversas configurac6es ao longo dos organismos.

Mammalia Aves Reptilia Amphibia  Teleostei Acari Crustacea Coccoidea  Coleoptera Hymenoptera Lepidoptera Diptera Gymnosperms Angiosperms

009 crY0000I0EC

Key Animal-specific Plant-specific
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@ 202w, or complexzw Haplo-diploid
P POy . Dioecy
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Paternal genome
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Figura 2. Modelo esquemaético para os tipos de sistemas de cromossomos sexuais encontrados
em diversos grupos eucarioticos. Na legenda estdo descriminados os sistemas de cromossomos
sexuais mais comuns, incluindo sistemas de heterogametia masculina (machos com o
cromossomo sexual, sistemas XO, XY), heterogametia feminina (fémeas com cromossomos
sexuais, sistemas ZO, ZW), determinagdo genética do sexo sem Cromossomos sexuais
diferenciados (GSD — genetic sex determination), determinacdo ambiental do sexo (ESD —
environmental sex determination), entre outros. Atente para a diversidade de sistemas
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encontrada dentro do grupo dos vertebrados a esquerda da ilustragdo. Fonte: Bachtrog et al.
(2014).

Dentro do grupo dos vertebrados ja é possivel ver essa diversidade significativa entre
0s principais grupos, visto que evoluiram repetidas vezes e nas mais diversas configuracoes
(Bachtrog, 2006; Bachtrog et al., 2011; Furman et al., 2020; Kratochvil et al., 2021) (Figura 2).
Mamiferos e aves, por exemplo, apresentam sistemas antigos, conservados e bem definidos,
com heterogametias masculina XY e feminina ZW, respectivamente; j& peixes, répteis e
anfibios exibem uma miriade de sistemas, com surgimentos independentes, mais recentes e

muito rapidos.

Em se tratando de peixes, especificamente, 0s cromossomos sexuais podem estar
configurados em sistemas simples ou multiplos, com cromossomos sexuais sem diferenciacdo
morfologica de seu par (homomarficos) ou altamente diferenciados (Figura 2). A ocorréncia de
mais de um cromossomo sexual, ditando um sistema sexual multiplo, por exemplo, segue
inclusive outros padrdes evolutivos do convencional para a diferenciacdo de um cromossomo
heteromorfico. O surgimento constante e individual de sistemas maltiplos e simples em peixes
¢ muito comum, especialmente considerando 0s mecanismos variaveis e transitorios de
determinacéo sexual genética no grupo (Parise-Maltempi et al., 2007; Kitano and Peichel, 2012;
Blanco et al., 2014; Bueno et al., 2015; De Oliveira et al., 2018).

Ha também exemplos de transi¢cdes entre as heterogametias de machos e fémeas e
frequentes eventos de turnover (o recrutamento de um novo par para ser o determinante do
sexo) (Graves, 2008; Bachtrog et al., 2011; Charlesworth, 2019; Furman et al., 2020;
Kratochvil et al., 2021) (Figura 1, passo 14). Este turnover inclusive é um dos aspectos que dita
essa variedade de sistemas sexuais em peixes, além dessa ocorréncia de sistemas de
Cromossomos sexuais mais jovens e recentes em termos evolutivos em relacdo aos sistemas
mais antigos e conservados de mamiferos e aves (Kitano and Peichel, 2012; Myosho et al.,
2015; Schartl et al., 2016; Charlesworth, 2019). Com isso, a apari¢do de novos cromossomaos
sexuais em teleosteos pode ocorrer repetidas vezes, acarretando em sistemas distintos entre
espécies proximas e até populacfes distintas (Mank et al., 2006; Mank and Avise, 2009;
Chalopin et al., 2015b; Schartl et al., 2016) (Figura 3), como é o caso do género Triportheus,
onde cada espécie apresenta tamanhos distintos de cromossomos W entre si (Yano et al., 2016a;
Cioffi et al., 2017) (Figura 3a), e de diversos individuos do género Oryzias, com diferentes
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sistemas de cromossomos sexuais e inclusive diferentes genes determinantes do sexo entre

espécies proximas (Gammerdinger and Kocher, 2018) (Figura 3b).
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Figura 3. Exemplos esquematicos de géneros distintos de peixes teledsteos e suas respectivas
variedades de sistemas de cromossomos sexuais, tanto em diferencas de morfologia do
cromossomo sexual quanto em diferentes sistemas ocorrendo entre espécies proximas. Género
Triportheus (a) com modelo esquematico de cromossomos sexuais W de diferentes tamanhos
para fémeas de diferentes espécies (a-h). Fonte: foto de J. Grad (PyBio Paraguay
Biodiversidad); esquematizacdo dos cromossomos sexuais adaptada de Cioffi et al. (2017).
Género Oryzias (b) com ocorréncia de diferentes genes de determinacdo sexual (sex-
determination gene), diferentes sistemas de heterogametia (sex-determination system) para
diferentes espécies. Fonte: foto de diapteron.co.uk; filogenia e dados de determinacgdo sexual
de Gammerdinger and Kocher (2018).

1.2 Cromossomos sexuais heteromaorficos e seu contetido repetitivo

O entendimento dos processos evolutivos que regem a formacéo dos sistemas sexuais
em peixes ainda permanece limitado, especialmente devido a diversidade de espécies e a alta
labilidade dos cromossomos no grupo. A variagdo de sistemas sexuais € geralmente atribuida a
alta capacidade de turnover destes cromossomos no grupo (Kitano and Peichel, 2012; Yoshida
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et al., 2014; Charlesworth, 2019; Palmer et al., 2019) e também ao dinamismo de DNAs
repetitivos em seus genomas, muitas vezes acumulados nos cromossomos sexuais (Chalopin et
al., 2015b; Charlesworth, 2019). O acumulo de DNAs repetitivos inclusive pode proporcionar
diferencas na estrutura e na composicdo destes cromossomos, 0 que também ocasiona a
diferenciacdo entre o sexual com seu par, gerando 0s chamados cromossomos sexuais
heteromdrficos (como exemplo demonstrado acima, os cromossomos W com morfologias
discrepantes tanto entre si quanto com seus pares Z em espécies de Triportheus (Figura 3a)).
Esta diferenciacdo de forma geralmente ocorre por supressdo de recombinacdo entre 0 novo
cromossomo sexual e seu par, 0 que gera um consequente acimulo de DNA ndo-codificante
(heterocromatina) em especial em sistemas de cromossomos sexuais simples. Por
consequéncia, cromossomos sexuais podem entdo se tornar heteromérficos (diferentes de seus
pares) tanto em contetdo genético quanto em estrutura com o acumulo massivo destes DNAS
repetitivos (Bergero and Charlesworth, 2009; Wright et al., 2016; Furman et al., 2020;
Charlesworth, 2021a).

DNASs repetitivos sdo sequéncias de DNA que, diferentes dos genes e das sequéncias
determinantes do sexo por exemplo, sdo ndo-codificantes e podem se encontrar repetidas vezes
dentro do genoma eucariotico. Assim, um cromossomo sexual nascente pode adquirir, além da
nova caracteristica sexual, esse acimulo de sequéncias repetidas ndo-codificantes o que pode
vir mudar a sua forma, tornando-o discrepante do seu par. Esse DNA repetitivo acumulado pode
estar distribuido ao longo de toda a estrutura do cromossomo sexual, até estarem completamente
tomados, ou presentes em apenas partes deles, denotando mais um grau de variedade para

Cromossomos sexuais no grupo.

DNA s repetitivos sdo intrinsecos de genomas de eucariotos e podem estar presentes nas
mais diversas abundancias e configuracfes, inclusive nos cromossomos sexuais
heteromorficos. Essencialmente, genomas eucarioticos apresentam sequéncias nucleotidicas
divididas essencialmente em dois grandes grupos: regides génicas, com coépias unicas
codificantes de genes funcionais; e estes DNAS repetitivos, regides do material genético com
sequéncias presentes em diversas copias, repetidas inimeras vezes ao longo do DNA, com
tamanhos variaveis e correspondendo a grandes fraces gendmicas (Charlesworth et al., 1994;
Plohl et al., 2012a; Garrido-Ramos, 2017).

Apesar de majoritariamente nao-codificantes, DNAS repetitivos sdo responsaveis por
estrutura, tamanho e variagdo gendmica entre espécies (Mestrovi¢ et al., 2015; Garrido-Ramos,
2017; Jagannathan et al., 2018). Estas sequéncias podem também se inserir em locais de genes
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ativos, participar da formacéo e manutencgéo de regides centroméricas, levar a diferenciacdo de
Cromossomos sexuais e até contribuir com a especiacdo (Makatowski, 2000; Plohl et al., 2008;
Pezer et al., 2012; Plohl et al., 2014; Schartl et al., 2016; Jagannathan et al., 2018; Serrato-
Capuchina and Matute, 2018; Camacho et al., 2021b).

Sdo sequéncias que estdo frequentemente submetidas a diversos processos de
amplificacdo, delegdo e mutacOes, sendo altamente variaveis e podendo evoluir também de
maneira independente entre espécies (Ugarkovi¢ and Plohl, 2002; Lorite et al., 2004; Feschotte
and Pritham, 2007; Lorite et al., 2017; Utsunomia et al., 2017; Shao et al., 2019). Assim, DNAs
repetitivos possuem uma notodria variabilidade no que concerne sua ocorréncia, abundancia,
acumulo e composicdo molecular (Kejnovsky et al., 2009; Garrido-Ramos, 2017; Satovi¢-
Vuksi¢ and Plohl, 2023).

DNASs repetitivos geralmente sdo encontrados em sequéncias altamente especificas e
repetidas in tandem, como DNAs satélites (satDNAs), ou em sequéncias dispersas como as
diversas familias de elementos transponiveis (TES), sejam de transposons de DNA ou

retrotransposons (Figura 4).
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Figura 4. Classificacdo geral de sequéncias de DNAs repetitivos no material genético (a), com
a organizacao usual dos dois grandes tipos de repeticdo de copias (elementos repetidos in
tandem e elementos dispersos) em um genoma (b). Fonte: adaptado de Liao et al. (2023).

O grupo de DNAs repetitivos classificado como DNAs satélite (satDNASs), constitui
uma fracdo significativa do genoma de animais, peixes teledsteos especialmente, com unidades
de repeticdo, ou monémeros, de tamanhos variaveis e organizados repetidas vezes in tandem
(Vicari et al., 2010; Schemberger et al., 2011; Garrido-Ramos, 2017; Camacho et al., 2021a)
(Figura 4b). S&o sequéncias que podem formar longos arranjos de dezenas a milhares de
nucleotideos, sendo tipicamente encontradas em regides heterocromaticas como centrémeros,
telomeros, regides pericentroméricas (Jagannathan et al.,, 2018; Rodrigues et al., 2019;
Suntronpong et al., 2020; Thakur et al., 2021; Ugarkovi¢, 2021) ou outras ocorréncias de
acumulo de heterocromatina, como os cromossomos sexuais diferenciados e cromossomos B
(Yano et al., 2016b; Crepaldi and Parise-Maltempi, 2020; Stornioli et al., 2021).

O caminho evolutivo de uma familia de satDNA se da& a partir do nascimento e
duplicacdo de uma sequéncia preexistente no genoma. Estas muitas vezes sdo provenientes de
um elemento transponivel e podem formam arranjos (arrays) de sequéncias repetidas, que se

amplificam de maneira massiva ao serem disseminadas pelo genoma (Mestrovi¢ et al., 2015;
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Ruiz-Ruano et al., 2016; Ruiz-Ruano et al., 2017; Paco et al., 2019). As dindmicas evolutivas
de sequéncias de satDNAs costumam envolver a chamada hipotese da biblioteca (Fry and
Salser, 1977; Mestrovié et al., 2006), que sugere que espécies proximas compartilham satDNAs
provenientes de um ancestral comum; estes, no entanto, podem sofrer pressdes seletivas
diferentes ao longo da evolugdo das espécies e resultar em graus de amplificacédo, fixacdo e
localizagéo distintos (Dover, 1986; Dover et al., 1993; Mestrovi¢ et al., 2006; Plohl et al.,
2012b; Ruiz-Ruano et al., 2016).

O compartilhamento de sequéncias de satDNA é uma ocorréncia que ja foi documentada
em peixes (Schemberger et al., 2011; Silva et al., 2017; Utsunomia et al., 2017; Crepaldi et al.,
2021; Dos Santos et al., 2021; Goes et al., 2023), mostrando que os dois aspectos néo
excludentes de sequéncias de DNAs satélites: um alto grau de diversidade de nucleotideos em
suas sequéncias que estdo sob frequente pressdo seletiva e podem mudar rapidamente, mas
também a ocorréncia compartilhada de sequéncias iguais entre diferentes espécies. Assim,
diferentes composic@es repetitivas podem ditar perfis espécie-especificos, onde diferem no que
concerne a sua dindmica de expansdo e abundancia dentro de um genoma, apesar da origem
compartilhada (Ugarkovi¢ and Plohl, 2002; Utsunomia et al., 2017; Sember et al., 2018).

Elementos transponiveis (TES) ou transposons, por sua vez, sdo sequéncias de DNAs
repetitivos que podem se mover e se inserir em locais diferentes dentro de um genoma. Estéo
presentes todos 0s genomas conhecidos até 0 momento e costumam compreender grandes
porcdes do material genético com sequéncias grandes, podendo chegar até milhares de pares de
base dispersas em multiplas copias (Feschotte and Pritham, 2007). Sdo componentes intrinsecos
de genomas de teledsteos, e podem contribuir significantemente para a estrutura e tamanho
gendmicos de peixes (Biemont and Vieira, 2006; Wicker et al., 2007; Carducci et al., 2020),
influenciando a dindmica evolutiva de um genoma tanto a curto quanto a longo prazo (Ferreira
et al., 2011; Belyayev, 2014; Carducci et al., 2018; Hayward and Gilbert, 2022).

TEs possuem uma grande diversidade de sequéncias e elementos que os compdem,
sendo tipicamente classificados com base em seus mecanismos de replicacdo. Eles podem
disseminar suas cépias utilizando transcriptases reversas (RT) e intermediarios de RNA para se
copiarem em novas localizagOes, caracterizando TEs Classe I, ou retrotransposons; ou
utilizando transposases (TPase) e sem nenhum RNA intermediario, operando diretamente ao
nivel de DNA e sendo retirado e recolocado no genoma, compreendendo TEs Classe 1l ou
transposons de DNA (Wicker et al., 2007; Bourque et al., 2018) (Figura 4a). Essas duas classes

amplas ainda podem ser desmembradas em subclasses, superfamilias e familias que diferem em
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estrutura, arranjo e intermediérios produzidos, como as subblasses de retrostransposons LTRs
(long terminal repeats) e non-LTRs, cada uma com diferentes representantes especificos, e as
subclasses polintrons, helitrons, cryptons e transposons que utilizando transposase (hats e

marienrs) para transposons de DNA (Feschotte and Pritham, 2007; Shao et al., 2019).

Devido a sua diversidade e natureza dindmica, transposons sdo grandes candidatos a
andlises genbmicas, especialmente em estudos de espécies ndo-modelo (Makatowski et al.,
2019; Etchegaray et al., 2022). A anotacao de bibliotecas espécie-especificas de TEs e de suas
caracteristicas € uma ferramenta Util para o entendimento da evolucao destas sequéncias e seu
consequente impacto em genomas de peixes, jA tendo sido atrelados a evolucdo de
cromossomos sexuais (Chen et al., 2014; Chalopin et al., 2015b; Schemberger et al., 2019),
cromossomos B (Coan and Martins, 2018), rearranjos cromossdmicos (Rodriguez et al., 2021)
e até comportamentos migratorios (Carotti et al., 2021) dentro do grupo. A analise de diferencas
em variedade, abundéncia e histoérico de proliferacdo entre genomas, por exemplo, podem trazer
respostas aos fatores que regem a dindmica evolutiva destas sequéncias e de seus hospedeiros
(Feschotte and Pritham, 2007; Shao et al., 2019; O'neill et al., 2020; Carotti et al., 2021,

Colonna Romano and Fanti, 2022).

DNAs repetitivos séo altamente difundidos em vertebrados, com sua dindmica de
frequentes amplificacdes e delecdes contribuindo significantemente para a variagdo de
tamanhos e diversidade gendmica (Plohl et al., 2012a; Almojil et al., 2021; Colonna Romano
and Fanti, 2022).

No caso dos peixes, informag6es sobre a organizacdo e a evolugdo genémica como um
todo ainda sdo limitadas a poucas espécies em comparacéo a diversidade do grupo. E sabido,
no entanto, que apresentam a maior variedade de elementos repetitivos, especialmente
transponiveis, em comparacdo a outros vertebrados (Chalopin et al., 2015a). A proporgédo
gendmica que compreende TESs em peixes, por exemplo, é bastante variavel , correspondendo
a menos de 10% do genomas de tetraodon e fugu e mais de 50% do genoma de zebrafish
(Chalopin et al., 2015a) (Figura 5), e costumam estar presentes em diferentes familias com
tamanhos, localizacdo, abundancia e constituicdes diferentes, (Garrido-Ramos, 2017; Thakur
etal., 2021).
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Figura 5. Diversidade de tipos e proporcdo gendmica (%) de elementos transponiveis
(transposons de DNA e retrotransposons) em genomas de diferentes espécies de peixes (anfioxo
inclusive). Fonte: Shao et al. (2019).

o

Assim, tem-se crescido o interesse na busca, descricdo e analise de DNAS repetitivos
justamente por sua natureza intrinseca a evolucao genémica do grupo, sendo considerados Uteis
em estudos de evolugdo cromossdmica, evolugdo de cromossomos sexuais, comparagao e
caracterizagdo de espécies. O avango em andlises de dados de sequenciamento, atrelado as
ferramentas bioinformaticas cada vez mais acessiveis e refinadas, garantiram maior eficiéncia
na deteccdo destas sequéncias, incluindo seus padrdes de origem, dindmica e evolucdo em

genomas de espécies ndo-modelo.

1.3  Os sistemas de cromossomos sexuais e seus contetdos repetitivos no grupo de

peixes Megaleporinus
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Considerando os dois pontos principais levantados acima para o grupo dos peixes, como
a alta variedades de composi¢des gendmicas, especialmente de elementos repetitivos, e uma
alta diversidade de sistemas de cromossomos sexuais, 0 foco da presente tese foram os peixes
dos géneros Megaleporinus e Leporinus, conhecidos popularmente como piaus ou piaparas
(Birindelli and Britski, 2013; Eschmeyer and Fong, 2015) (Figura 6). Um dos aspectos mais
relevantes desses dois géneros é a estrutura conservada de 2n = 54 cromossomos entre eles,
com morfologias muito similares dos seus pares cromossémicos, com excecao da presenca de
um par de cromossomos sexuais heteromdrficos altamente diferenciados nas fémeas de
Megaleporinus e que estdo ausentes em Leporinus (Parise-Maltempi et al., 2007; Da Silva et
al., 2012; Marreta et al., 2012; Ramirez et al., 2017b) (Figura 6a). Esta heterogametia feminina
em Megaleporinus apresenta cromossomos W como 0s maiores do cariotipo, muito
diferenciado e com uma alta taxa de heterocromatina e DNA repetitivo especialmente nos
bracos longos. A ocorréncia destes cromossomos sexuais foi inclusive uma das caracteristicas
que levou ao desmembramento das espécies nos dois géneros, uma vez que todas eram
previamente classificadas como Leporinus (Galetti Jr and Foresti, 1986; Ramirez et al., 2017b)
(Figura 6b).
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Figura 6. Comparacéo entre os géneros Megaleporinus e Leporinus em especial quanto ao seu
cariotipo e cromossomos sexuais apesar da proximidade filogenética. Cariétipos (a) de M.
elongatus, M. obtusidens (fundo vermelho) e L. friderici (fundo amarelo). Note a semelhanca
entre seus conjuntos cromossdémicos, com exce¢do dos pares sexuais ZW em Megaleporinus e
seus cromossomos W gigantes. Fonte: adaptado de Martins and Galetti (1999) Filogenia dos
dois géneros (b), mostrando sua proximidade filogenética e respectivas ocorréncias de sistemas
sexuais. Fonte: adaptado de Ramirez et al. (2017a).
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A espécie Megaleporinus elongatus é ainda um caso além, uma vez que (Parise-
Maltempi et al., 2007) levantaram a suspeita da existéncia de um sistema multiplo de
cromossomos sexuais do tipo Z1Z17,7,/Z1\W1Z>W». Assim, foi sugerido que seus cromossomos
sexuais estariam em um outro processo de diferenciacdo comparado a seus congéneres. Apesar
de compartilhar um ancestral comum com o restante do género e com Leporinus (Ramirez et
al., 2017b), M. elongatus possui caracteristicas moleculares distintas na composi¢do de seu
cromossomo heteromdrfico que levariam a diferenciacdo de seus sexuais em um sistema
multiplo (Hashimoto et al., 2009; Parise-Maltempi et al., 2013; Crepaldi and Parise-Maltempi,
2020).

A presenga dos cromossomos sexuais heteromoérficos em Megaleporinus e, por
consequéncia, sua auséncia em Leporinus (Figura 6) tornaram estes grupos 6timos exemplos
para estudos da evolucdo e diferenciacdo de sistemas de cromossomos sexuais, tidos como
relativamente recentes em termos evolutivos (Parise-Maltempi et al., 2013; Ramirez et al.,
2017b; Crepaldi and Parise-Maltempi, 2020).

E aceita a hipotese do acimulo massivo de elementos repetitivos nos cromossomos W
como sendo um dos maiores responsaveis pela sua diferenciacdo em Megaleporinus (Parise-
Maltempi et al., 2007; Da Silva et al., 2012; Marreta et al., 2012; Dulz et al., 2024). O acumulo
de algumas sequéncias pontuais e a comparagdo por sondas de cromossomos totais entre as
espécies iniciaram a busca por este contetdo, inclusive demonstrando diferencas em cada
cromossomo W e denotando mais um grau de complexidade no que concerne a formacao dos
sexuais dentro do género (Nakayama et al., 1994; Parise-Maltempi et al., 2007; Hashimoto et
al., 2009; Utsunomia et al., 2019; Crepaldi and Parise-Maltempi, 2020; Crepaldi et al., 2021).

Apesar da semelhanga morfoldgica dos cromossomos W de Megaleporinus e da origem
comum atribuida a estes cromossomos (Figura 6), cada espécie possui um sexual com
composicgdo e distribuicdo repetitiva especifica (Marreta et al., 2012; Crepaldi and Parise-
Maltempi, 2020; Crepaldi et al., 2021; Dulz et al., 2024). Utilizando ferramentas
bioinformaéticas e técnicas refinadas de prospeccdo de sequéncias repetitivas, foi possivel
acessar o conteldo de DNAs satélites (satDNAS) de espécies de Megaleporinus maneira mais
abrangente, bem como avaliar quais as implicag0es nos seus sistemas sexuais ao buscar detalhes
da composi¢do dos mesmos (Utsunomia et al., 2019; Crepaldi and Parise-Maltempi, 2020;
Crepaldi et al., 2021; Dulz et al., 2024).

Assim, 0s géneros Megaleporinus e Leporinus podem trazer importantes contribuices

para 0 entendimento da estrutura gendmica e de elementos repetitivos na diferenciacdo de
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sexuais em peixes, e a presente tese de doutorado pretende dar continuidade a trabalhos em
nosso laboratdrio sobre este grupo de peixes e seus cromossomos sexuais. No pretende trabalho,
investigamos a ocorréncia e a distribuicao de sequéncias de DNAs repetitivos, como satDNAS
e TEs, em genomas de peixes destes dois géneros. Também buscamos relacionar estas
sequéncias ao surgimento e diferenciacdo de sistemas sexuais dentro deste grupo, a fim de
entender as caracteristicas gendmicas destes elementos repetitivos que venham a estar

relacionadas com sistemas de cromossomos sexuais diferenciados.
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2 OBJETIVOS

Os objetivos e metas gerais do trabalho foram:

(i) Investigar a ocorréncia e a historia evolutiva de DNASs repetitivos (satDNAs e TES) e sua
possivel influéncia na diferenciacdo em cromossomos sexuais em trés espécies de peixes
neotropicais com sistemas sexuais distintos: Megaleporinus elongatus (Z1Z1Z>Z2/Z1\W1Z,W5)
e Megaleporinus macrocephalus (ZZ/ZW) (ambos com cromossomos W altamente
diferenciados); e Leporinus friderici (espécie de género proximo, sem Cromossomos sexuais

heteromorficos).

(if) Examinar os conteudos repetitivos mediante um estudo comparativo dessas composicdes
(anotacao e analise do contetdo total de satDNAS e transposons nos genomas) obtidos a partir
de sequenciamento gendmico Illumina, utilizando abordagens citogendémicas com ferramentas
bioinforméaticas. A partir dessa composi¢do total, fazer inferéncias quanto a relacdo de
sequéncias especificas nos cromossomos sexuais através de mapeamento cromossémico por

FISH e comparacdes gendmicas.

(i) Avaliar a influéncia dessas sequéncias repetitivas nos sistemas de cromossomos sexuais e

na possivel diferenciacdo dos cromossomos heteromérficos de Megaleporinus.

Objetivos especificos

e Descrever o conteudo de satDNAs de Megaleporinus elongatus de modo a avaliar sua
riqueza de sequéncias, sua localizagdo cromossdmica e a maior representatividade desse
conteldo nas fémeas. Compreender a dispersdo e acumulo dessas sequéncias nos
cromossomos entre 0s sexos buscando avaliar se existe localizagcdo preferencial no

cromossomo sexual heteromérfico.

e Investigar a historia evolutiva dos satDNAs mais abundantes e relevantes a
diferenciacdo dos cromossomos heteromorficos de M. elongatus em comparagdo com

macho e fémea da espécie Megaleporinus macrocephalus (ZZ/ZW), integrando
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resultados ja conhecidos para ambas as espécies e discutindo sua dindmica nos

Cromossomos heteromadrficos das duas fémeas;

Descrever o conteddo de TEs em fémeas de M. elongatus, M. macrocephalus e
individuo ndo-sexado de L. friderici, a fim de comparar a diversidade e a abundancia de
TESs nos genomas das trés espécies. Buscar entender a dindmica temporal de dispersédo
e acumulo nos trés genomas, avaliando historias evolutivas e se acompanham as
filogenias prévias descritas para as espécies e para 0 surgimento dos cromossomos

sexuais.
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3 INTRODUCAO AOS CAPITULOS

Os resultados obtidos levaram a organizacdo de dois trabalhos cientificos que serdo
apresentados nos Capitulos 1 e 2. Ao final de cada capitulo, os links para os respectivos

materiais suplementares estdo disponiveis para acesso online.

O Capitulo 1, intitulado “Genomic differences between the sexes in a fish species
seen through satellite DNAs”, foi publicado na revista cientifica Frontiers in Genetics (ISSN
1664-8021) em 2021 (Doi: 10.3389/fgene.2021.728670). Este trabalho descreve os resultados
da pesquisa com satelitoma de Megaleporinus elongatus, a comparacao destes satélites entre 0s
sexos e a andlise mais aprofundada dos satélites mais abundantes em comparacdo com

Megaleporinus macrocephalus.
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O Capitulo 2, intitulado “Comparative Analysis of Transposable Elements
Dynamics in Fish with Different Sex Chromosome Systems”, foi aceito para publicagéo na
revista cientifica Genome (ISSN 1480-3321) no comeco de 2024 (ID de submissao: Manuscript
ID: gen-2023-0134). Esse trabalho apresenta os dados obtidos da descricdo de elementos
transponiveis em M. elongatus, M. macrocephalus e L. friderici, comparando a dindmica

evolutiva desses elementos nas trés espécies.
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3.1 CAPITULO I: Genomic Differences Between the Sexes in a Fish Species Seen
Through Satellite DNAs

Carolina Crepaldi, Emiliano Marti, Evelin Mariani Gongalves, Dardo A. Marti e Patricia

Pasquali Parise-Maltempi
Artigo publicado na revista Frontiers in Genetics, v.12, p. 728670, 2021.

Doi: 10.3389/fgene.2021.728670

Resumo em Portugués:

Peixes neotropicais possuem caracteristicas cariotipicas e gendmicas altamente diversificadas,
apresentando diversos sistemas de cromossomos sexuais com graus variados de diferenciacéo.
No entanto, o conhecimento sobre composi¢éo e evolucdo especificas do sexo ainda é limitado.
As DNA satélites (satDNAS) sdo sequéncias repetidas em tandem com distribuicdo genémica
abrangente e caminhos evolutivos distintos. Investigar o contetdo de satDNA pode esclarecer
como a arquitetura gendmica é organizada em peixes e em seus cromossomos sexuais. O
presente estudo investigou o satelitoma de Megaleporinus elongatus, um peixe de agua doce
com um sistema putativo de cromossomos sexuais multiplos Z1Z1Z,Z,/Z1\W1Z,W>, que inclui
um cromossomo W1 altamente heterocromatico e diferenciado. O satelitoma da espécie é
composto por 140 familias diferentes de satDNA, incluindo sequéncias isoladas anteriormente
e novas familias encontradas neste estudo. Essa diversidade € notavel considerando a proporcao
relativamente baixa que as satDNAs representam no genoma de M. elongatus
(aproximadamente apenas 5%). Diferencas entre os sexos em relacdo ao contetdo de satDNA
também foram evidenciadas, sendo essas sequéncias 14% mais abundantes no genoma da
fémea. A ocorréncia de homogeneizacdo dos satDNAs mais abundantes na espécie esta
intimamente ligada ao enriquecimento destes satélites associados ao W1 em fémeas. Embora
ambos 0s sexos compartilhnem praticamente todas as satDNAs, a amplificacdo massiva de
apenas algumas delas acompanhou a diferenciacdo do W1. Investigamos também a expanséo e
diversificacdo das duas satDNAs mais abundantes de M. elongatus, MelSat01-36 e MelSat02-
26, ambas sequéncias altamente amplificadas em Wi e, no caso de MelSat02-26, também
presentes nos cromossomos Z» e W»,. Comparamos suas ocorréncias em M. elongatus e na
espécie-irma M. macrocephalus (com um sistema padrdo de cromossomos sexuais ZW) e
concluimos que ambas as satDNAs levaram a formacéo de conjuntos altamente amplificados
em ambas as espécies; no entanto, elas formaram organizacdes especificas da espécie nos
Cromossomos sexuais restritos as fémeas. Nossos resultados mostram como a composicéo de
satDNA é altamente diversificada em M. elongatus, contribuindo significativamente para a
diferenciacdo do Wi e nédo para a diversidade de satDNA necessariamente. Além disso, 0
comportamento evolutivo dessas repeti¢des pode estar associado a plasticidade genémica e a
variabilidade de satDNA entre 0s sexos e entre espécies intimamente relacionadas,
influenciando como cromossomos sexuais heteromorficos aparentemente homaologos passam
por evolucgéo independente de satDNAs.
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Genomic Differences Between the
Sexes in a Fish Species Seen Through
Satellite DNAs

Carolina Crepaldi’, Emiliano Marti', Evelin Mariani Gongalves', Dardo Andrea Marti? and
Patricia Pasquali Parise-Maltempi*

"Departamento de Biologia Geral e Aplicada, Instituto de Biociéncias (IB), Universidade Estadual Paulista (UNESP), Rio Claro,
Brazil, ?Laboratorio de Genética Evolutiva, Instituto de Biologia Subtropical (IBS), Universidad Nacional de Misiones (UNaM),
CONICET, Posadas, Argentina

Neotropical fishes have highly diversified karyotypic and genomic characteristics and present
many diverse sex chromosome systems, with various degrees of sex chromosome
differentiation. Knowledge on their sex-specific composition and evolution, however, is stil
limited. Satelite DNAs (satDNAs) are tandemly repeated sequences with pervasive genomic
distribution and distinctive evolutionary pathways, and investigating satDNA content might shed
light into how genome architecture is organized in fishes and in their sex chromosomes. The
present study investigated the satellitome of Megaleporinus elongatus, a freshwater fish with a
proposed Z1Z1Z>Z5/Z1\W1Z,W, multiple sex chromosome system that encompasses a highly
heterochromatic and differentiated W, chromosome. The species satellitome comprises of 140
different satDNA families, including previously isolated sequences and new families found in this
study. This diversity is remarkable considering the relatively low proportion that satDNAs generally
account for the M. elongatus genome (around only 5%). Differences between the sexes in
regards of satDNA content were also evidenced, as these sequences are 14% more abundant in
the female genome. The occurrence of sex-biased signatures of satDNA evolution in the species
is tightly linked to satellite enrichment associated with W in females. Atthough both sexes share
practically all satDNAs, the overall massive amplification of only a few of them accompanied the
W, differentiation. We also investigated the expansion and diversification of the two most
abundant satDNAs of M. elongatus, MelSat01-36 and MelSat02-26, both highly amplified
sequences in W4 and, in MelSat02-26’s case, also harbored by Z, and W, chromosomes. We
compared their occurrences in M. elongatus and the sister species M. macrocephalus (with a
standard ZW sex chromosome system) and concluded that both satDNAs have led to the
formation of highly amplified arrays in both species; however, they formed species-specific
organization on female-restricted sex chromosomes. Our results show how satDNA
composition is highly diversified in M. elongatus, in which their accumulation is significantly
contributing to W; differentiation and not satDNA diversity per se. Also, the evolutionary behavior
of these repeats may be associated with genome plasticity and satDNA variability between the
sexes and between closely related species, influencing how seemingly homeologous
heteromorphic sex chromosomes undergo independent satDNA evolution.

Keywords: satellitome, concerted evolution, satDNA evolution, neotropical fish, fish sex chromosomes,
megaleporinus, anostomidae
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INTRODUCTION

Among the repetitive fraction of a eukaryotic genome, satellite
DNAs (satDNAs) are one of the most abundant elements,
characterized as tandemly organized sequences that can be
amplified into multiple copies in the genome (Charlesworth
et al., 1994; Plohl et al, 2012). Selective forces act loosely on
satDNAs, as they are prone to accumulate random mutations and
rapidly diverge from each other. This ultimately leads to large
arrays of diversified satellite composition, as they can vary in
sequence length, nucleotide composition, genomic position and
chromosome distribution (Ugarkovi¢ and Plohl, 2002; Garrido-
Ramos, 2017). Repeats within the same satDNA family, however,
show lower divergence rates as they do not evolve independently,
but via what is called “concerted evolution” (Dover, 1982; Elder
and Turner, 1995; Thakur et al, 2021). These satDNAs are
submitted to the process of molecular drive, which causes
sequence homogenization for species-specific mutations and
results in repetitions evolving in concert with each other
(Dover, 1982; Dover, 1986; Elder and Turner, 1995; Ugarkovi¢
and Plohl, 2002; Thakur et al., 2021). The rates at which these
sequences expanded, homogenized and eventually fixed in the
genome vary for each satDNA family. These levels of variation
depend on a number of factors, such as mutation rate, array size
and structure, chromosomal structure and recombination rates
(Ohta and Dover, 1984; Elder and Turner, 1995; Plohl et al., 2012).
SatDNA evolution encompasses the duality of combining stable
homogeneous arrays fixed in a genome and the high dynamism of
rapidly replaceable sequences (i.e., turnover) (Ugarkovi¢ and Plohl,
2002). These features still place satDNA evolutionary perspective
under necessary evaluation. Nonetheless, what is certainly known
so far is how the evolutionary mechanisms governing these
sequences are different in comparison to other genomic
elements (Plohl et al., 2012; Thakur et al., 2021).

Heterochromatin is a poorly understood genomic component,
perhaps given the specific nature of its repetitive content
(composed mostly of satDNAs) (Charlesworth et al, 1994
Garrido-Ramos, 2017). Sex chromosomes are a good example of
genomic entities that can experience heterochromatin expansions
and contractions along their evolution, as they can be submitted to
rapid diversification after colonization by repetitive sequences and they
might gradually differentiate from their homologs, becoming
heteromorphic sex chromosomes (Chalopin et al, 2015; Palacios-
Gimenez et al., 2015; Wright et al., 2016; Yano et al,, 2016; Sember et al.,
2018; Charlesworth, 2021; Kratochvil et al., 2021). The rapid spread of
repetitive sequences in a heterogametic (Y or W) sex chromosome
may occur during the initial phase of its existence and it may facilitate
the expansion of regions with ceased recombination, which further
helps XY or ZW counterparts to differentiate from each other
(Charlesworth, 1991; Bergero and Charlesworth, 2009; Bachtrog
et al,, 2011; Schartl et al,, 2016).

Teleost fishes compose the most speciose group of vertebrates,
which present equally diversified spectrum of sex chromosome
occurrences scattered throughout the taxa (Devlin and
Nagahama, 2002; Volff, 2005; Godwin and Roberts, 2018;
Sember et al, 2021). Teleosts display variable degrees of
molecular differentiation in their sex chromosomes, even
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among closely related species; which contrasts with the more
uniform sex systems found in birds and therian mammals
(Ellegren, 2011; Schartl et al, 2016; Charlesworth, 2019).
Having said that, not much is known about what molecular
mechanisms underlie this large compendium of sex chromosome
occurrences or the evolutionary dynamics and genomic features
of teleosts as a whole.

Megaleporinus is a Neotropical fish genus with a conserved
karyotype of 2n = 54 chromosomes, female heterogamety (ZW)
and, in M. elongatus case, a hypothetical Z,Z,Z,Z,/Z,W,Z,W,
multiple sex chromosome system (Parise-Maltempi et al.,, 2007;
Parise-Maltempi et al, 2013). The heteromorphic sex
chromosomes for both systems (W and W,;) are highly
heterochromatic and they constitute the largest elements in
the female karyotype, which makes the understanding of
Megaleporinus species genomic traits and sex chromosome
systems a coveted approach (Nakayama et al, 1994; Parise-
Maltempi et al., 2007; Hashimoto et al., 2009; Ramirez et al.,
2017a; Ramirez et al., 2017b; Dulz et al., 2020). Heterochromatin
content of the genus has sparked interest in previous works that
specifically targeted repetitive DNA occurrence in the
heteromorphic sex chromosomes (da Silva et al, 2012
Marreta et al, 2012; de Borba et al, 2013; Parise-Maltempi
et al,, 2013; Poltronieri et al., 2014). However, only recently
was it possible to effectively quantify satDNA content and
trace their evolutionary features within Megaleporinus
(Utsunomia et al., 2019; Crepaldi and Parise-Maltempi, 2020).

Thus, in the present study we used low-coverage genomic DNA
data yielded from Illumina paired-end sequencing to assess and
further investigate the genomic organization of the highly diversified
satellitome in Megaleporinus elongatus, firstly presented by Crepaldi
and Parise-Maltempi (2020). Cytogenomic and haplotype analyses
were also used to further investigate possible sex-specific patterns of
these satDNAs and their evolutionary pathways. We complemented
our survey with an in-depth analysis of W-located satDNAs in both
M. elongatus and its sister species M. macrocephalus, focusing
specifically on the two most abundant and quantitatively relevant
elements of M. elongatus satellitome. By complementing previous
satDNA and FISH results (Crepaldi and Parise-Maltempi, 2020)
with new additions to satellitome data and haplotype networks, we
managed to trace a possible evolutionary pathway for these satDNAs
in M. elongatus and understand how they contributed to the recent
differentiation of the heteromorphic sex chromosomes and their
possible role in the multiple sex chromosome differentiation.
Altogether, our study aimed to integrate thorough genomic
analyses to previously published data for the Megaleporinus genus
and to provide new information regarding the evolution of repetitive
genomic composition in the group, as well as satDNA evolutionary
differences between the sexes and closely related species.

MATERIALS AND METHODS

Species Sampling and Chromosome
Preparation

Chromosomal preparations and tissue samples from three males
and three females from Megaleporinus elongatus (Anostomidae)
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were analyzed. All samples were already available at the Animal
Cytogenetics Laboratory in UNESP Rio Claro, Brazil from
previous studies (da Silva et al., 2012; Marreta et al,, 2012;
Parise-Maltempi et al, 2013; Crepaldi and Parise-Maltempi,
2020). All procedures for sampling, material handling and
analysis were authorized and approved by the Animal Ethics
Committee (Comité de Etica no Uso de Animais (CEUA)
(protocol number 3524, approval code 09/2017), by the
Brazilian Institute of Environment and Renewable Natural
Resources (Instituto Brasileiro do Meio Ambiente e Recursos
Naturais Renovéveis - IBAMA) (19833-1) and the Brazilian
College of Animal Experimentation (Colégio Brasileiro de
Experimentagio ~ Animal - 016/04-CEEA).  Mitotic
chromosomes were obtained from anterior kidney cell
suspensions, according to Foresti and Toledo (1981).

Genome Sequencing and Computational

Satellitome Analysis

In the present study, previously@sequenced libraries from each sex
of M. elongat%s using Illumina  Hiseq™ 2000 platform (female)
and Illumina Hiseq™ 4000 platform (male) (Crepaldi and
Parise-Maltempi, 2020) were used, which provided 1.9 Gb of
sequence data and yielded 19,289,312 paired-end trimmed reads
for the female, and 1.8 Gb of data and 17,837,098 paired-end
trimmed reads for the male library.

The sequenced libraries were used for comparative analysis
regarding their satDNA content. We focused both on the species’
satellitome as a whole and on the differences between the sexes, in
search for sequences that could be more representative in the
female and probably enriched in the heteromorphic W; sex
chromosome. To perform a high-throughput analysis, the
satMiner bioinformatic protocol for satDNA prospection in
both libraries was used (Ruiz-Ruano et al., 2016) available at
GitHub (https://github.com/fjruizruano/satminer). The satMiner
protocol uses several rounds of clustering in RepeatExplorer
(Novék et al., 2013) to identify and extract satDNA sequences,
and each round includes filtering out reads matching previously
assembled contigs with deconseq 0.4.3 (Schmieder and Edwards,
2011), in order to identify and extract as many sequences as
possible, even with low abundance in the genome. We then
started with a library sampling of 200,000 reads, incrementing
this number by two in each consequent round of RepeatExplorer
clustering. For each round, we selected clusters with spherical
shaped graphs for putative satDNA. Each selected cluster was
manually analyzed for their internal contig structure and tandem
repetitions were investigated using the dotplot tool implemented
in Geneious v4.8 (Drummond et al., 2015) and Tandem Repeat
Finder (TRF) (Benson, 1999).

The clustering and filtering steps were repeated 13 times for
the female library and 9 times for the male one, adding new
filtered reads in each iteration until we could no longer detect new
satDNAs in neither. A parallel homology search was performed
in both male and female rounds using previously detected
satDNA consensus sequences by Crepaldi and Parise-
Maltempi (2020) as a custom library to match ones that might
have previously been isolated and physically mapped.
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After satDNA mining, all-against-all alignments with
RepeatMasker (Smit et al., 2013) were performed to search for
homologous satDNAs, and by comparing all monomers from all
clusters we were able to classify them into superfamilies, families
or variants (Ruiz-Ruano et al., 2016). Non-redundant consensus
library was used for each satDNA family to check for possible
similarities with published sequences deposited in Genbank and
Repbase employing BLAST  (http://www.ncbi.nlm.gov/Blast/)
and Censor (http://www.girinst.org/censor) searches.

All satDNA families were numbered in order of decreasing
abundance in the female genome and assigned following the
nomenclature proposed by Ruiz-Ruano et al. (2016). All satDNAs
that were previously isolated by Crepaldi and Parise-Maltempi
(2020) were properly renamed also following this criterion.
Sequences are deposited in GenBank under accession numbers
MZ546645-MZ546784.

RepeatMasker with rmblast engine was used to determine
abundance and average nucleotide divergence (Kimura-2-
parameter, K2P) for each variant in both sexes. We estimated
the genomic abundance for every satDNA in the male and female
libraries as the number of nucleotides aligned to the reference
consensus divided by the library size (in bp). With this data we
generated repeat landscapes for the relative abundance (Y-axis) at
1% intervals of K2P distance from the consensus (X-axis), using
the script calcDivergencFromAlign.pl (from RepeatMasker utils).
A subtractive landscape was subsequently generated to evaluate
which satDNA families differ between both libraries, in turn
providing the first indications of which satDNA are more
prominent in one sex in comparison to the other.

Physical Mapping via FISH in Male

Metaphases

We selected the same previously isolated and amplified 52
satDNAs in the female (Crepaldi and Parise-Maltempi, 2020)
and amplified them via PCR in M. elongatus males following the
protocol described by the authors. The PCR products were
confirmed via Sanger sequencing.

The sequences of each satDNA obtained through PCR were
labeled by nick translation with digoxigenin-11-dUTP (Roche )
or biotin-14-dATP  (Invitrogen ). Fluorescence in situ
hybridization (FISH) experiments were performed following
the method described by Pinkel et al. (1986), with small
adjustments described by Crepaldi and Parise-Maltempi
(2020). The resulting slides were visualized under an
Olympus® BX51 fluorescence microscope, with a digital
camera Olympus® DP71 attached, and the images were
captured using the DP Controller camera software. For each
slide, a minimum of 20 metaphases were analyzed and
photographed to confirm the FISH results.

Sex-Biased Ratio

The different enrichment of all satDNAs across the sexes was
determined by generating a female to male ratio as we calculated
the quotient between the abundance values of each satDNA
family. This data complemented the subtractive landscape by
providing more between-sexes differences, as satDNA families
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with Female/Male (F/M) ratio higher than one were considered
more abundant in females (as the threshold to determine it as
more prevalent in this sex).

RepeatProfiler pipeline (Negm et al., 2021) was applied to
generate comparative variant-enhanced profiles of selected
satDNAs, which provide a summary of variant sites that are
relative to the consensus sequences and may uncover sex-
specific signatures of sequence variants and possible point
mutations in satDNAs of interest. The 22 satDNA families
that are most enriched in each sex considering the F/M ratio
were selected for profiling. RepeatProfiler relies on Bowtie2
(Langmead and Salzberg, 2012) for mapping the reads to the
consensus monomers of the selected sequences and the
pipeline generated a PDF file for each selected satellite
with the variant-enhanced profiles for both sexes as an
output. We applied Bowtie2 default parameters for
RepeatProfiler.

After analyzing the resulting profiles, we generated individual
landscapes for each selected female-biased satDNAs to confirm
different amplification and divergence of their copies in male and
female genomes.

Retrieving satDNA Monomers From Raw
Reads of M. elongatus and M.

macrocephalus

Comparative cytogenetic analysis of the two most abundant
satDNAs (MelSat01-36 and MelSat02-26) revealed particular
characteristics that prompted us to investigate them further,
such as differences in clustered patterns in the W
chromosome in M. macrocephalus and W, in M. elongatus
and occurrence in autosomal pairs in both males and females.
MelSat02-26 is specifically interesting given it is a fragment of
LeSpel, a repetitive marker used for the M. elongatus hypothetical
multiple sex chromosome system (Parise-Maltempi et al., 2007;
Crepaldi and Parise-Maltempi, 2020).

Monomers from Illumina reads representing MelSat01-36 and
MelSat02-26 were extracted from both sexes of M. elongatus and
M. macrocephalus libraries. Thus, Minimum Spanning Trees
(MSTs) of these satDNA families were generated to trace the
diversification patterns of copies between sexes and species. First,
we mapped reads from raw Illumina libraries from the two
selected satDNA, of both sexes of M. elongatus and M.
macrocephalus, with a custom script (https://github.com/
fjruizruano/satminer/blob/master/mapping_blat_gs.py).

Libraries of M. macrocephalus were retrieved from Sequence
Read Archive (SRA) under the accession numbers SRR7263033
and SRR7263034. Mapped reads were then extracted from SAM
files and aligned separately using MUSCLE (Edgar, 2004) with
default parameters. The resulting alignment files of each
satDNA were used as input in PHYLOViZ 2.0 (Nascimento
et al, 2017) to construct MSTs on the bases of pairwise
differences. RepeatMasker was used to determine abundance
and average nucleotide divergence (K2P) for MelSat01-36 and
MelSat02-26 in both sexes of M. macrocephalus. Then, the
genomic abundance of these two satDNAs in reference to
this species library sizes (in bp) was calculated, and this data
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was used to generate comparative landscapes between M.
elongatus and M. macrocephalus.

RESULTS

General Satellitome Analysis in M.

elongatus

A total of 140 different satDNA families (308 variants) were
uncovered for M. elongatus as a whole, with a predominance of
short repeat unit lengths (RUL) ranging from 11 to 245 bp
(average of 43 bp) for both sexes. A + T content of consensus
sequences varied between 30.8 and 80.4% (60% on average),
which indicated a slight tendency towards A + T rich content for
the majority of satDNAs (Supplementary Table S1). The
homology analysis of repeat units revealed only one satDNA
superfamily (SF1) comprising MelSat09-60 and MelSat113-60
(76.7%) (Supplementary Figure S1) and present in both sexes
with relatively similar abundances. Both sequences share the
same RUL (60bp) and have high divergence values in both
sexes (Supplementary Table S1).

SatDNA genome proportion ranged from 0.0001 to 0.484%,
with the three most abundant satDNAs (MelSat01-36,
MelSat02-26 and MelSat03-177) showing an abundance
higher than 0.3%. SatDNA abundance in the present work
regards the values determined by RepeatMasker that applied a
substantial amount of reads in comparison to the pool of
randomly selected reads analysed previously (and solely via
RepeatExplorer output) by Crepaldi and Parise-Maltempi
(2020). MelSat01-36 and MelSat02-26 remained the two
most abundant families as previously described (Crepaldi
2020)  (0.484 and 0.413%
respectively), but MelSat03-177 (previously the family
MelSat07-177 located in the centromeric area) ranked third
in abundance after this thorough analysis, representing 0.338%
of the genome.

Therefore, the satellitome of M. elongatus consists primarily of
the top three most prevalent satDNA, which that comprise almost
25% of the whole compendium of satellites, in addition to 10
families with abundance between 0.1 and 0.3% and a remainder
of rare or very low abundant sequences (Supplementary Table
S$1). Overall divergence values were relatively variable for the
species as a whole, ranging from 2.85 to 33.02% (average
divergence for the species was 10.73%).

Searches in GenBank resulted in 46 families from M. elongatus
with positive results with deposited M. macrocephalus satDNA
sequences (Utsunomia et al., 2019). BLAST results and subsequent
alignments for MelSat03-177 showed high similarities with
centromeric sequences from other Characiformes (Utsunomia
et al, 2017, Utsunomia et al2019). MelSat40-52 (previously
named MelSat49-52 (Crepaldi and Parise-Maltempi, 2020) also
showed positive results for other satellite sequences in
Characiformes, a conserved sequence with active transcription
in Characidium gomesi (dos Santos et al., 2021).

FISH analysis was performed in male metaphases for M.
elongatus for the same satDNA previously mapped in the
female (Crepaldi and Parise-Maltempi, 2020). From the 52

and  Parise-Maltempi,
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FIGURE 1| Repeat landscapes (abundance vs. divergence) for satDNAs identified in female (A) and male (B) M. elongatus. The graphs show, for each color-coded
element, the sequence divergence according to Kimura distance (x-axis) in relation to their copies in the genome (y-axis). Copies clustered to the left (lower divergence)
potentially correspond to recent copies occurring in the genome. A subtractive landscape (C) was obtained by subtracting male library (negative values) from the female
one (positive values). Notice the diversity of satDNA families also present in the male genome in the subtractive landscape.

satDNAs positively amplified via PCR, only 5 (MelSart02-26,  all five presented FISH bands in female chromosomes (Crepaldi
MelSat22-34, MelSat29-121, MelSat44-52 and MelSat52-38) and Parise-Maltempi, 2020).

successfully hybridized in this sex (Supplementary Figure S2),

in one autosomal pair each and, for MelSat02-26, in Z,Z,. Each ~ Satellitome Differences Between the Sexes
satDNA presented a single band in the chromosomes, and  The total satDNA composition corresponded to 4.83 and 4.23%
positioned either in the telomeric or in the centromeric  of the female and male genomes, respectively. Average satDNA
regions. No satDNA was mapped exclusively in the male, as  family divergence was lower in the female (10.38%) than in the
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male genome (11.07%), and some satDNAs had quite higher
divergence values for the male in comparison to the female, such
as MelSat66-46 (33.02 and 7.38%, for male and female
respectively) and MelSat64-64 (22.44 and 6.34%). It was later
found these satDNAs are highly female-biased according to the
F/M ratio (Supplementary Table S1) and with insignificant
abundance values for the male library, which sparked our
interest to investigate further these differences, described
hereinafter.

We generated individual repeat landscapes for female and
male M. elongatus (Figure 1A and Figure 1B, respectively) and a
subtractive landscape (Figure 1C). The subtractive landscape
revealed higher proportions of several abundant satDNA
families in the female library, such as MelSat01-36 and
MelSat02-26, which are located in the W1 sex chromosome
(Crepaldi and Parise-Maltempi, 2020). Interestingly, we could
also confirm that the male library presents a higher variety of
male-biased satDNAs in comparison to the female (Figure 1C),
which are located in the W, sex chromosome (Crepaldi and
Parise-Maltempi, 2020). Interestingly, also through the
subtractive repeat landscape we could confirm that the male
library presents a higher variety of male-biased satDNAs in
comparison to the female (Figure 1C).

The computational analysis revealed that, except for
MelSat131-39, which is present in the female genome only, all
remaining 139 satDNA families are shared between the sexes.
From these, however, 124 are differently enriched across sexes as
45 satDNAs had a F/M ratio higher than 1, suggesting an
enrichment in the female library, while 79 were deemed male-
biased (F/M ratio lower than 1). Despite having less overall
female-biased satDNAs in numbers, several families had ratios
ranging from 13 up to 347 in the female, denoting an expressive
enrichment in this sex compared to the male library
(Supplementary Table S2). In short, the female library has
the most abundant satDNAs, enriched in the W, (Crepaldi
and Parise-Maltempi, 2020); however, the greater diversity of
satDNAs is male-biased, comprised mostly of the very rare and
less abundant families of the satellitome.

Variant Profiles for Sex-Biased satDNAs

RepeatProfiler pipeline was applied in order to evaluate the
sequences of the most sex-biased satDNAs and how they might
differ between the sexes. The output provided variant-
enhanced profiles for each selected satDNA, summarizing
sex-specific signatures for some sequences (Supplementary
Figures S3, S4). All male-biased satDNAs (Supplementary
Figure S3) have relatively similar divergent values for both
sexes and, with few exceptions (such as MelSat140-24,
MelSat137-21 and MelSat92-31), they did not present such
apparent differences between sexes as the female-biased ones,
showing some conservatism in comparison with male and
female profiles. Female-biased satDNAs (Supplementary
Figure S4), on the other hand, showed some reoccurring
patterns: 1) most have discrepant divergent values between
the sexes (with high divergent values for the male) and are
either absent in males or have incomplete profiles for this sex,
since the aligner failed to map high-divergent reads to
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consensus; 2) comparable satDNAs were prone to variation
in male variants, with particular positions exhibiting almost
fixed copies, since mutation profiles differed between the sexes
when abundance values dropped; and 3) the only two satDNAs
that presented relative homogeneity between the sexes are
MelSat01-36 and MelSat02-26 (the two most abundant
satDNAs in the genome).

We complemented the variant profiles results by generating
individual repeat landscapes (Supplementary Figure S5) for the
top most female-biased satDNAs, to check for differential
amplification and divergence values between the sequences
especially on satDNAs that are most likely specific to the
female. The landscapes also evidenced the higher abundance
in the female and contrasting divergences for these sequences
in the male genome. Some satDNAs, such as MelSat57-28,
MelSat112-74 and MelSat123-67 showed monomers with low
divergences in the female and shared higher divergences between
the sexes, indicating highly divergent copies comparing the
genomes.

Tracing the Amplification of W-Localized
satDNAs in M. elongatus and M.

macrocephalus

MSTs for MelSat01-36 and MelSat02-26 were generated and
complemented with comparative landscapes for these
sequences individually in order to integrate their abundance
and divergence values to the analysis. Different MSTs and line
plots were obtained for each satDNA (Figure 2).

The topology for MelSat01-36 confirms the relatedness and
conservatism of this satDNA, especially when considering the
larger haplotype shared between both species and its co-localized
pattern in FISH results (Figure 2A). Furthermore, due to its low
divergence values in both species, it most likely had a common
origin in both genomes and an equally recent amplification in the
heteromorphic sex chromosomes in the females.

Some discrepancies, however, are notable for M. elongatus.
Firstly, clusterisation is absent in the male (no FISH signals). In
addition to the fact that it has the least abundance in the male of
M. elongatus of all four analyzed individuals, it is probably
gradually losing copies in its genome. This coincides with
another M. elongatus conspicuous characteristic, perhaps the
most noticeable: the female copies. MelSat01-36 is not only
more abundantly represented in the female genome, but it is
also presented in two separate clusters in the heteromorphic
chromosome (Figure 2A).

For MelSat02-26, the resulting MSTs displayed a more
divergent pattern and a different evolutionary scenario for this
satDNA (Figure 2B) was observed. Firstly, no monomers were
retrieved from the male M. macrocephalus, as its abundance was
virtually non-existent in this individual. For the remaining copies,
all three (female M. macrocephalus, male and female M.
elongatus) presented similar divergence with rather higher
values, which implies that MelSat02-26 comprised an older
satDNA especially in comparison to MelSat01-36.

Both sexes of M. elongatus share autosomal clusters and its
origins appear concomitant in male and female, especially
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MelSat01-36 ~Female M. elongatus MelSat02-26 ¥
— Female M. macrocephalus i
~ Male M. elongatus S ,‘l/
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FIGURE 2 | MSTs showing the relationships between isolated monomers for MelSat01-36 (A) and MelSat02-26 (B) retrieved from M. elongatus and M.
macrocephalus males and females. Respective FISH results and the heteromorphic sex chromosomes W and W; are indicated. Male FISH results for M. elongatus and
M. macrocephalus are absent for MelSat01-36 and MelSat02-26 as no FISH signals were obtained, respectively. Abundance x divergence landscapes that shows the
respective similar origins in both species are also indicated, but the substantial abundance in M. elongatus female for both satDNAs is apparent. Note the different
divergences between the satDNAs, as MelSat02-26 has larger divergence values than MelSat01-36 and a rather dispersed organization in comparison to the latter.

considering it is clustered in the same autosomal pair and putative
multiple sex chromosomes in both sexes (Parise-Maltempi et al,,
2007; Crepaldi and Parise-Maltempi, 2020). There is a distinct
spike in abundance for M. elongatus female in the line plot for this
satDNA (Figure 2B), which, paired with the clustered pattern in
FISH, shows the substantial amplification in the heteromorphic
sex chromosome, which also occurred long since. It presents a
different amplification trajectory between the species: although
M. macrocephalus female also presents clusterisation in its W, it is
not as considerable as in M. elongatus W and it does not share
any copies with M. macrocephalus male.

DISCUSSION

The present study provides relevant information regarding
the satDNA content of Megaleporinus elongatus and its
genomic features, adding notable details to the first
glimpse of these sequences previously published by our
group (Crepaldi and Parise-Maltempi, 2020). Using more
thorough methods for satDNA prospection, we expanded the
array of satellite features in the species, compared
satellitomes between the sexes and uncovered the
evolutionary pathway of the most abundant (and most
quantitively relevant) satDNAs in the genome and their
differences between species.

Firstly, some distinct characteristics are responsible for the M.
elongatus satellitome as a whole, which showed small and highly
diversified sequences, mostly recently amplified (low divergence)
and with general low abundance. These characteristics were also
found in other Characiformes, such as Astyanax (Silva et al,
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2017), Megaleporinus macrocephalus (Utsunomia et al, 2019)
and Characidium gomesi (Serrano-Freitas et al., 2020).

The disparity of a large satDNA diversity in M. elongatus (140
families) and such a scarce occurrence result in very rare
sequences, organized in small arrays and with a dispersed
organization in the genome. The massively amplified
MelSat01-36 and MelSat02-26 contrasts with the remaining
satellitome and indicate that satDNA diversification in M.
elongatus increases as their clusters become smaller and more
dispersed. Fast satDNA turnover may be another possibility, since
almost all satDNA content is non-homologous in M. elongatus.
M. macrocephalus presents 17 satDNA superfamilies (Utsunomia
etal., 2019), but for M. elongatus, on the other hand, we recovered
only one superfamily, which also endorses its highly diversified
satDNA collection.

Also, most satDNAs were not detectable by physical mapping
in neither sex, as presented in our present analyses and previous
FISH results (Crepaldi and Parise-Maltempi, 2020). This
confirms the majority of the satellitome for M. elongatus is
arranged in small arrays below the detection threshold of
FISH, corroborating other studies (Ruiz-Ruano et al, 2016;
Bardella et al., 2020; Ferretti et al., 2020). SatDNA abundance
is prone to rapidly change due to molecular mechanisms, such as
dispersion and amplification (Garrido-Ramos, 2017), and can
result in rapid repatterning as they expand or decrease their
arrays (Plohl et al., 2008; Palacios-Gimenez et al., 2020; Sproul
et al,, 2020; Thakur et al., 2021) and this certainly is the case for
M. elongatus as well.

This is a rather peculiar satellitome, especially considering our
sex-biased analysis. Given the extraordinary heterochromatin
content present in the female (owing to the heteromorphic W,
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sex chromosome) (Galetti et al., 1995), it was initially assumed by
us that the largest set of satDNAs would be female-biased as
previously observed in M. macrocephalus (Utsunomia et al,
2019); however, not many satDNAs (in terms of number of
different families) accounted for female-biased or W-specific
sequences in M. elongatus.

In what regards the male genome, satDNAs are equally
abundant in qualitative terms; however, they are most likely
becoming gradually lost and/or constrained instead of actually
accumulating. Their low copies in the genome increase the
possibility to escape homogenization mechanisms (Elder and
Turner, 1995; Ugarkovi¢ and Plohl, 2002; Plohl et al,, 2012) as
we noticed different homogenization patterns between the sexes.
Repeats in larger arrays (and clustered in the W, chromosome) had
higher homogenization rates, and low abundance sequences
(especially the male-biased ones) presented a more divergent
pattern. It is possible to assume some non-exclusive explanations
for this scenario. Firstly, more heterogeneity can be expected among
repeating units if the mutation rate is high, relative to the rate in
which a variant spreads through an array (Lorite et al., 2004; Ruiz-
Ruano et al., 2019). Also, the heteromorphic W, chromosome has a
tendency to accumulate satDNAs already present in the female
genome (Molina and Galetti, 2007; Crepaldi and Parise-Maltempi,
2020), which results in a quick, massive amplification in this sex in
comparison to the poor clusterisation in the male counterpart (cf.
Lower et al., 2018; Vondrak et al., 2020). In conclusion, satellitome
diversity does not seem to be the main factor leading to W,
heterochromatic expansion in M. elongatus, instead the high
amplification and homogenization rates of few particularly
abundant satDNAs in the female genome effectively contributed
to heterogametic sex chromosome differentiation.

Our second approach regarded a more evolutionary focus in the
sex chromosome system and its satDNA content in Megaleporinus
elongatus, as sex chromosome dynamics analysed through sex-linked
repetitive DNA profiles has been shown to be effective (Traut and
Winking, 2001; Schemberger et al., 2011; Cioffi et al., 2012; Terencio
et al,, 2012; Yano et al., 2016; Yano et al,, 2017; Sember et al., 2018;
Deakin et al., 2019; Schemberger et al., 2019). The heteromorphic sex
chromosomes (W and W) in Megaleporinus have already been
deemed derived from a common ancestral chromosomic pair and
differentiated from the Z chromosomes via massive
heterochromatinization (Galetti and Foresti, 1986; Marreta et al,
2012; Parise-Maltempi et al., 2013; de Barros et al., 2018). However,
variation in repetitive content within the genus could be caused by the
expansion and contraction of these sequences (Utsunomia et al,
2019; Crepaldi and Parise-Maltempi, 2020).

Regardless of the library size of satDNAs, usually one or very
few satDNA families are the most predominant in each species
(Ruiz-Ruano et al., 2016; Silva et al., 2017; Bardella et al., 2020; da
Silva et al., 2020) and the best candidates were none other but the
two most abundant satDNA in M. elongatus, MelSat01-36 and
MelSat02-26. Both satDNAs have concomitant origins in both
sexes of M. elongatus and M. macrocephalus, but they have
different evolutionary pathways in each species and concerted
evolution might be acting separately for each of them.

MelSat01-36 is shared by W and Wy, but it is clustered only
in males of one species (with prominent FISH signals being
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present in M. macrocephalus but absent in M. elongatus). Its two
distinct clusters in female M. elongatus prompted us to combine
all of our data on this satDNA and attempt to trace its
relatedness between the species. All individuals presented
similarly low divergence values for this satDNA, indicating a
recent amplification for both species. Although identical
sequences for MelSat01-36 are shared between the species,
copy number can vary dramatically even among related
organisms, without necessarily varying in their nucleotide
sequences (Ugarkovi¢ and Plohl, 2002; Louzada et al., 2020).
Given our MST for this satDNA (Figure 2), ancestral species for
M. elongatus and M. macrocephalus most likely presented the
same conformation as M. macrocephalus, with one cluster in the
ancestral W sex chromosome in the female and another cluster
in a male autosomal chromosome. For M. elongatus, the male
has lower copy numbers and a dispersed organization, since it
did not present any FISH signals. This loss of autosomal clusters
might have contributed to the homogenization in W, in M.
elongatus, and generated the enriched and duplicated regions in
this chromosome, fixating in the female genome as described for
many other organisms (Dalikova et al., 2017; Palacios-Gimenez
et al., 2017; da Silva et al., 2020; Ferretti et al., 2020; Rovatsos
et al,, 2021).

MelSat02-26, on the other hand, is an older satDNA, with
higher divergence values for both species and it is practically
absent in male M. macrocephalus. Despite shared between the
heteromorphic W and Wy, it has a much less conserved pattern
(Figure 2) in comparison to MelSat01-36, with dispersed clusters
and almost none shared haplotypes between the females. An
ancestral library for this satDNA cluster was most likely present
in both the autosomes and the heteromorphic chromosome,
much like MelSat01-36, however remaining highly amplified
on both sexes of M. elongatus. It most likely had more time to
diverge between the species and fixate in M. elongatus as well-
defined clusters, as it is also co-localized in the putative multiple
sex chromosomes (Z, and W,). What previously seemed like
having different accumulation in terms of time for each
chromosome (Crepaldi and Parise-Maltempi, 2020), now, with
more intimate evolutionary details, we can see that MelSat02-26
seems to have emerged equally in all M. elongatus chromosomes;
along with its exclusive clusterisation pattern in the female Z, and
W, shared with no other autosomal satDNA in the species and
very particular to this sex.

The dynamics of the most abundant satDNAs in M.
elongatus demonstrates not only their intimate evolution
with the highly differentiated heteromorphic W, sex
chromosome, but also confirms that not only general
molecular satDNA evolution is at play; particular
characteristics of the species also concomitantly generate
diversified satellitomes (Ugarkovi¢ and Plohl, 2002; Lorite
et al., 2004, Lorite et al., 2017; Richard et al., 2008; Palacios-
Gimenez et al., 2017; Cabral-de-Mello et al., 2021). The ZW-
based multiple sex chromosome system in M. elongatus shares a
conserved heteromorphic W chromosome with the remaining
Megaleporinus; but as seen by the two most prevalent satDNAs
in the species their interspecific differences show distinct paces
for W/W, differentiation.
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SatDNA evolution seems to be not only recent but very
fast-paced in the genus, with high sequence turnover rates,
and this might contribute to an equally fast and independent
differentiation process in their young sex chromosome
systems. A clear outcome of this is the highly amplified
MelSat02-26 in Z, and W, in M. elongatus female, an
interesting satDNA on its own as it partially represents a
bigger repetitive sequence and molecular marker (LeSpel) for
the putative multiple chromosomes (Parise-Maltempi et al.,
2007; Crepaldi and Parise-Maltempi, 2020). While
MelSat02-26 is underrepresented in the female Z;
chromosome, the unusual female-specific clustered pattern
shared by W1 and the novel elements (W, and Z,) might
indicate its spread via ectopic recombination, which has
most likely helped this satDNA expand into large,
homogeneous arrays (Ugarkovi¢ and Plohl, 2002; Lower
et al., 2018).

The rare Z,2,Z,Z,/Z,W,Z,W, system of M. elongatus is so far
only found in one other fish species (Ancistrus dolichopterus) (de
Oliveira et al., 2008; Favarato et al., 2016), and remains a puzzling
occurrence even among multiple sex chromosome systems as
whole (Sember et al., 2021). Analyzing other Megaleporinus as
well as the sister genus Leporinus (comprising species without
heteromorphic sex chromosomes) will eventually broaden our
understanding of satDNA diversity and sex chromosome
evolution as a whole in this group.

In the present study, we used cytogenomic approaches for
satDNA analysis and visualization of their male and female
heterogeneity. The results corroborate the recent spike of highly
clustered repetitive content in the female genome and showed it
has very distinctive characteristics even in comparison to closely-
related species. Also, the recent burst of repetitive satDNA in the
multiple sex chromosome system is still an ongoing process under
the molecular mechanisms for satDNA evolution.
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Resumo em Portugués:

Elementos transponiveis (TEs) sdo componentes gendémicos amplamente distribuidos com
papéis significativos na evolugdo do genoma e diferenciacdo de cromossomos sexuais. Neste
estudo, comparamos a composicdo de TEs de trés peixes filogeneticamente relacionados com
diferentes sistemas de cromossomos sexuais: Megaleporinus elongatus (Z1Z1Z>Z,/Z1\W1Z,W5),
Megaleporinus macrocephalus (ZZ/ZW) (ambos com cromossomos W altamente
diferenciados) e Leporinus friderici (sem cromossomos sexuais heteromdrficos). Criamos
bibliotecas personalizadas de TEs para cada espécie usando métodos de clustering e anotacao
manual, e determinamos a dinamica temporal dos TEs por meio de andlise baseada em
divergéncia. A abundancia de TEs variou de 16 a 21% nos trés mobilomas, sendo L. friderici o
que apresentou menor quantidade geral. Os TEs prevalentes em todas as trés espécies foram 0s
transposons de DNA, que se dispersaram durante eventos recentes de proliferacdo. A atividade
especifica da espécie, no entanto, indicou eventos varidveis de expansao, especialmente para
DNA/hATs e retrotransposons. Apesar de terem composicdes de TEs semelhantes,
Megaleporinus e Leporinus tém historias distintas de TES que evoluiram ap0s sua separacao e
0 surgimento dos cromossomos sexuais, destacando sua rapida expansdo de TEs ao longo de
curtos periodos evolutivos.
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Abstract

Transposable elements (TEs) are widespread genomic components with substantial roles in
genome evolution and sex chromosome differentiation. In this study, we compared the TE
composition of three closely related fish with different sex chromosome systems:
Megaleporinus elongatus (Z12122Z2/Z:\W1Z;W>), Megaleporinus macrocephalus (ZZ/ZW)
(both with highly differentiated W sex chromosomes), and Leporinus friderici (without
heteromorphic sex chromosomes). We created custom TE libraries for each species using
clustering methods and manual annotation and prediction, and we predicted TE temporal
dynamics through divergence-based analysis. The TE abundance ranged from 16 to 21% in the
three mobilomes, with L. friderici having the lowest overall. Despite the recent amplification
of TEs in all three species, we observed differing expansion activities, particularly between the
two genera. Both Megaleporinus recently experienced high retrotransposon activity, with a
reduction in DNA TEs, which could have implications in sex chromosome composition. In
contrast, L. friderici showed the opposite pattern. Therefore, despite having similar TE
compositions, Megaleporinus and Leporinus exhibit distinct TE histories that likely evolved
after their separation, highlighting a rapid TE expansion over short evolutionary periods.

Keywords: Transposon annotation; Genomic composition; Fish genomes; repetitive DNA;
Transposable elements; Genome evolution
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1. Introduction

Transposable elements (TEs) have long played a significant role in shaping eukaryotic
genomes (Feschotte and Pritham, 2007; Belyayev, 2014; Sotero-Caio et al., 2017; Bourque et
al., 2018). These elements, capable of inserting themselves into new genomic regions,
contribute substantially to genetic diversity (Makatowski, 2000; Belyayev, 2014; Gao et al.,
2016; Sotero-Caio et al., 2017; Yuan et al., 2018). TEs can multiply and expand at variable
rates due to their dynamic nature and ultimately influence host genome evolution (Feschotte
and Pritham, 2007; Chalopin et al., 2015a; Bourque et al., 2018; Makatowski et al., 2019;
Carotti et al., 2021).

TEs are widespread in fish, leading to a high degree of evolutionary plasticity in this
speciose vertebrate group (Volff, 2005; Ahmad et al., 2021; Carotti et al., 2021; Etchegaray et
al., 2022). Even in compact fish genomes, TE proliferation accompanies rapid sequence
turnover and significant structural heterogeneity (Schemberger et al., 2019; Shao et al., 2019;
Carotti et al., 2021). As a result, fish are great representatives of TE diversity and its impact on
genomic evolution (Volff, 2005; Chalopin et al., 2015a; Sotero-Caio et al., 2017; Ahmad et al.,
2021). Advances in bioinformatics have facilitated the cataloging of TEs, enabling comparisons
between mobilomes (the entire collection of mobile genetic elements inside a genome) in non-
model species. Examining TE diversity and dynamics provide insights into various fish
characteristics, including migratory behaviors, sex chromosome evolution, and even speciation
(Chalopin et al., 2015b; Schemberger et al., 2019; Shao et al., 2019; Ahmad et al., 2021; Carotti
etal., 2021; Lehmann et al., 2021; Etchegaray et al., 2022).

Repetitive DNAs, including TEs and satellite DNAs (satDNAs), are known to play
fundamental roles in sex chromosome evolution. These elements accumulate in non-
recombining genome regions, which may cause chromosome rearrangements and influence sex
chromosome heteromorphy (Charlesworth et al., 1994; Chalopin et al., 2015b; Schartl et al.,
2016; Wright et al., 2016; Kent et al., 2017; Charlesworth, 2019; Kratochvil et al., 2021).
Unlike mammals and birds, fish exhibit diverse sex chromosome systems, such as XX/XY,
ZZIZW, or multiple sex chromosomes from any heterogamety (Mank et al., 2006; Schartl et
al., 2016; Wright et al., 2016; Charlesworth, 2019). This diversity is even more striking when
looking at closely related fish species, as even those within the same genus may have different
sex chromosome systems (Desjardins and Fernald, 2009; Kitano and Peichel, 2012; Yano et
al., 2016a; De Freitas et al., 2018; Sember et al., 2018; Sember et al., 2021). TEs are prevalent
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in fish sex chromosomes, and have been found on both small and degenerated W chromosomes
(Yano et al., 2016b) as well as a giant Y sex chromosomes (Rosolen et al., 2018). TEs can
ultimately accelerate differentiation in relatively young sex chromosome systems (Kent et al.,
2017; Rosolen et al., 2018; Dechaud et al., 2019; Carducci et al., 2020), presenting an additional
layer of genomic complexity in fish (Charlesworth, 2019; Dechaud et al., 2019; Schemberger
et al., 2019; Kratochvil et al., 2021).

The Megaleporinus genus, with highly differentiated and heterochromatic W sex
chromosomes, includes Megaleporinus elongatus (Z1Z1Z>Z,/Z1\W1Z>W>) and Megaleporinus
macrocephalus (ZZ/ZW) (Galetti Jr and Foresti, 1986; Martins and Galetti, 1999; Venere et al.,
2004; Ramirez et al., 2017a). In contrast, most species in the closely related genus Leporinus
have undifferentiated sex chromosomes (homomorphic sex chromosomes). (Ramirez et al.,
2017a). This distinction provides an ideal scenario for investigating fish sex chromosome
evolution and understanding variations in different sex systems (Parise-Maltempi et al., 2013;
De Barros et al., 2018). Megaleporinus species heavily rely on the accumulation of repetitive
DNA for sex chromosome differentiation (Parise-Maltempi et al., 2007; Marreta et al., 2012;
Splendore De Borba et al., 2013; Crepaldi and Parise-Maltempi, 2020). Ongoing genome
research, with an emphasis on repetitive composition and evolution, could provide new insights
into how the rapid formation of these distinctly differentiated sex chromosomes occurred
(Utsunomia et al., 2019; Crepaldi and Parise-Maltempi, 2020; Crepaldi et al., 2021; Dos Santos
etal., 2021).

This study focuses on understanding fish repetitive DNA composition and differences
in TE dynamics between species with different sex systems. We investigated TEs in three
closely related fish species with distinct sex chromosome systems: M. elongatus
(2121222512, 1Z5W2), M. macrocephalus (ZZ/ZW), and Leporinus friderici (non-identifiable
sex chromosomes). We identified the TEs in these genomes employing short-read sequencing
data and compared their evolutionary patterns by analyzing temporal activity and accumulation
events. Our findings offer a detailed summary of TE composition and species-specific
dynamics, contributing to a better understanding of the potential connection between TEs and

sex chromosome differentiation in this group.
2. Materials and Methods

2.1 Animals and genome sequencing information
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We selected two Megaleporinus species, with publicly available short-read sequenced
reads, and the sole deposited Leporinus dataset for a comparative analysis with a close genus
without heteromorphic sex chromosomes (Ramirez et al., 2017a). The Illumina datasets from
female M. elongatus (SRR25308063), female M. macrocephalus (SRR7263034) and L.
friderici (SRR11676679) (unidentified sex) are accessible on NCBI GenBank.

2.2 ldentification of TEs and construction of TE libraries

TEs were identified using RepeatExplorer2 (RE2) (Version 2.3.8.1) (available at
https://repeatexplorer-elixir.cerit-sc.cz/galaxy/). We used several rounds of graph-based
clustering analysis (Novak et al., 2013) on the sequenced reads for each species to retrieve
putative TEs. These prospected sequences were subsequently manually validated and curated

to construct final TE consensus libraries for each analyzed species.

Firstly, we preprocessed the sequenced dataset from each species in the Galaxy platform
(https://repeatexplorer-elixir.cerit-sc.cz/galaxy/) using the “Quality trimming tool”, “FASTQ
interlacer on paired-end reads”, “FASTQ to FASTA” tools. The generated FASTA file was
then used as input in “RepeatExplorer2 clustering” with the standard recommended parameters.
We followed preprocessing with several clustering rounds for each sequenced dataset, filtering
out reads matching previously assembled outputs from RepeatExplorer2 with deconseq 0.4.3
(Schmieder and Edwards, 2011). Filtering out these previously identified putative repetitive
elements helped avoid redundancy and ensured that subsequent iterations retrieved sequences
with lower abundance. Highly abundant contigs tend to reappear in successive clustering rounds
if not eliminated. Nevertheless, we analyzed and annotated all subsequent contigs before

restarting the process of filtering and clustering.

At the end of the clustering process, we had several RE2 output files with repetitive
clusters for each species. These were then manually examined for TE candidates and followed
by consensus curation. We analyzed the RE2 outputs, paying closer attention to putative
repetitive elements with a linear graph structure in the resulting clusters (Novak et al., 2013;
Novék et al., 2020) and to the built-in RepBase annotation results (RE2 performs searches
against RepBase during clustering, which sometimes can return positive matches to known
TES).

The dense ring-shaped graph shapes from RE2 output are usually deemed putative

satDNAs; however, they also were manually examined due to the occurrence of putative LRT
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elements also presenting dense graph topologies. We estimated the repeat abundances for the
remaining repeats, mainly satDNAs, as RE2 also gives percentage values for all identified
repeat sequences in the sequenced reads. For Megaleporinus, we also compared these values to
previously reported satDNA data (Utsunomia et al., 2019; Crepaldi and Parise-Maltempi, 2020;
Crepaldi et al., 2021). All repetitive sequences deemed not-TEs were excluded from the final
curated libraries, serving mainly to avoid under or overestimation of TEs in case some output

results from RE2 mistakenly included TEs as other repetitive DNA.

Overall, results from RE2 were presented as separate contigs for each putative repetitive
element (designated as clusters). These internal contig structures were aligned using MUSCLE
(Edgar, 2004), through Geneious v.4.8.5 (Drummond et al., 2015), and used to construct the
consensus sequences for each putative TE to subsequent confirmation and categorization. into
known DNA transposons or retrotransposons through homology-based comparison with known
TE databases.

For this step, each consensus was compared against previously reported TE profiles
using the GiriCensor tool (Kohany et al., 2006) from Repbase (Update 20221227) (Jurka et al.,
2005) and the Dfam database (version 3.6) (Storer et al., 2021). We took a conservative
approach to annotation and sequence comparison, looking for hallmarks of specific TE
subclasses such as LTRs, and implementing an 80% similarity threshold in Repbase and Dfam
results, adhering to the 80-80-80 rule (Wicker et al., 2007; Flutre et al., 2011). Sequences were
considered a positive match and belonging to the previously known TEs if more than 80% of
the query coverage could be aligned to resulting subjects (database results) with over 80% of
identity (Wicker et al., 2007). Sequences with short fragments less than 80% similar to known
TEs were considered incomplete representatives and initially designated as unclassified

transposons.

TEs within the same superfamily might exhibit differences, especially interspecies, and
considering our homology-based approach compared the generated consensus to sequences
from online databases. Additionally, our conservative approach to homology-based searches
may result in the loss of putative TEs that were filtered out in the previous step. As such, to
bypass these constraints, we also translated and searched for TE protein domains (integrase,
reserve transcriptase and transposase) using Pfam (Mistry et al., 2021), Swiss-Prot/UniProt
(Wang et al., 2021) and HMMER (version (Finn et al., 2011; Potter et al., 2018). This also

aided in classifying some of the aforementioned unclassified and unknown TEs. Sequences
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with an e-value lower than 1e-5 were reintegrated in the TE libraries. Final prediction of TE
cataloguing into classes, subclasses, superfamilies and families followed classification by
Bourque et al. (2018).

In the final step, all curated consensus sequences were checked for redundancies using
CD-HIT (Fu et al., 2012) also based on the 80-80-80 rule (Wicker et al., 2007; Flutre et al.,
2011). This was performed individually for each library. Final custom libraries for M.
elongatus, M. macrocephalus and L. friderici were individually merged with publicly available

TE libraries from Astyanax mexicanus and Danio rerio from FishTEDB.
2.3 TE quantification, divergence, and insertion time estimation

The three manually curated TE libraries, integrated with A. mexicanus and D. rerio TEs,
were used as inputs for TE quantification and sequence divergence analysis. These analyses
were carried out independently for each genome using RepeatMasker (Smit et al., 2017) and a
custom script available at
https://github.com/fjruizruano/satminer/blob/master/repeat_8masker_run_big.py.

The RepeatMasker tool calcDivergenceFromAlign.pl estimated Kimura-2-Parameter
(K2P) values (nucleotide divergence values) for each TE and their corresponding genomic
abundance. The predicted consensus sequences from each library provided ancestral TE
estimations, and K2P determines the divergence between individual TE copies in the genomes
and the corresponding consensus sequence (Smit et al., 2017). Using the RepeatMasker
divergence summary data, we calculated the abundance by dividing the nucleotide proportions
for each TE by the library size (in total base pairs). Then, we created RepeatLandscapes for

each species using R package version 4.1.2 (R Core Team, 2021).

Finally, we established TE insertion time and activity dates using the previously
indicated K2P divergence summary data from RepeatMasker. K2P values were converted to
MY A using the formula T = k/2r (Li et al., 2019), where “T” is the estimated age (MYA), “k”
is the pairwise divergence values, and “r” is the nucleotide substitution rate. The value “r”” was
determined as the neutral mutation rate applied to transposons overall, assumed to be an average
of 108 substitutions per synonymous site per year for TEs (Arkhipova and Meselson, 2005;
Schemberger et al., 2019). We applied the same formula for all three genomes, given the
substitution rate was a general value for all transposons analyzed in the present work and lack

of mutation rate values for the species.
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3. Results
3.1 Repetitive DNA composition and TE diversity

We analyzed the transposable element (TE) libraries of three fish species: female M.
elongatus, female M. macrocephalus, and a non-sexed L. friderici. Figure 1 and Online
Resource 1 illustrate that all three species have rather similar repetitive DNA amounts,
including TEs, satDNAs, and other unidentified repeats constituting about one-third of their

genomes (Figure 1a).
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Fig. 1 (a) Estimated proportions of transposable elements (TEs) (DNA transposons,
retrotransposons, unclassified TES) and other repeats for the analyzed sequenced reads of female
Megaleporinus elongatus, female Megaleporinus macrocephalus, and Leporinus friderici,
displayed on a simplified phylogenetic tree based on Ramirez et al. (2017a). The purple highlight
indicates the emergence of heteromorphic sex chromosomes (ZW systems), which are absent in
Leporinus friderici. (b) Percentage of the most abundant DNA transposon superfamilies, hAT
and TcMariner, in each species compared to the total DNA transposon content. (c) Percentage
of the most abundant retrotransposon families in relation to overall retrotransposons.
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As we focused on transposable elements, the analyzed reads for each species yielded a
total of 61 different TE elements, including 33 DNA transposons and 28 retrotransposon
(Online Resource 1). While the majority of TEs were shared among the species, there were
exceptions, such as specific absent elements in M. macrocephalus (LINE Mir, Proto2, R2-hero)
and hAT families hAT-hAT5 and hAT-hAT6, with these last two also absent in L. friderici
(Online Resource 1). Despite being detected in M. elongatus, these two hAT families also had

very low abundance in this species.

TE content was approximately 16% in L. friderici and roughly 19% and 21% in M.
elongatus and M. macrocephalus, respectively (Figure la). Despite the diversity of TE
elements, few dominant ones (Figures 1b, 1c) played a significant role in abundance,
contributing to genetic differences among species. DNA transposons was the most common
Class of TEs, accounting for about 8% (M. macrocephalus), to around 9% (L. friderici), and
around 10% (M. elongatus) (Figure 1a, Online Resource 1). TcMariner and hAT were the two
dominant superfamilies in all three species (Figure 1b, Online Resource 1). These two
superfamilies alone accounted for approximately 6% to 7% of total genome composition, a
sizeable fraction given that the DNA transposon class account for nearly 10% of the genomes

as whole.

TcMariner, encompassing four families (Tcl, TcMar-ISRm11, TcMar-Tc2, and TcMar-
Tigger), was the most common TE superfamily across species (Figure 1b, Online Resource 1),
accounting for 4.63% of the L. friderici genome and 3.74% of both Megaleporinus genomes.
The equally widespread hAT superfamily was also prevalent (families Ac, Blackjack, Charlie,
Tip100, and several elements within these families, hAT-hAT5, hAT-hAT6, hAT-hATm and
hAT-Tol2) (Online Resource 1). The most prevalent hAT elements are not annotated (not
assigned to a specific family). M. elongatus had the highest incidence of hAT elements (3.12%)
among the species, followed by L. friderici (2.34%) and M. macrocephalus (1.95%).

Retrotransposons (LINEs, SINEs, and LTRs) were less abundant but exhibited
increased divergence bias towards Megaleporinus (species with differentiated sex
chromosomes) (Figures 1la, c). Retrotransposons accounted for 4.3% of L. friderici’s total
genome size (3% of LINEs, 1% of LTRs, and 0.3% of SINES), 5% of M. elongatus’ genome
(3% of LINEs, 1% of LTRs, and 1% of SINES), and 7.3% of M. macrocephalus’ genome (3%
of LINEs, 4% of LTRs, and 0.3% of SINES) genomes. The high prevalence of LTRs Gypsy and
DIRS in M. macrocephalus (Figure 1c) most likely influenced these differences. The most

prevalent LINE retroelements, namely L2 and Rex, were also more abundant in M.
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macrocephalus. In contrast, they accumulated in a roughly similar pattern in M. elongatus and
L. friderici (Figure 1b, Online Resource 1). SINEs were rare in all three genomes, with the
SINE derived from transfer RNA (tRNA) being the most prevalent, accounting for 0.232% of
the M. macrocephalus genome, 0.298% of L. friderici, and 0.530% of M. elongatus (Online
Resource 1).

Despite successful identification of many TEs, some remained unannotated, comprising
2.43% of L. friderici, 4.26% of M. elongatus, and 5.17% of M. macrocephalus genomes. These
unannotated TEs were either undetected by RepeatExplorer2 or RepeatMasker or did not match
positively in Repbase, Dfam, or protein domain searches using the 80-80-80 rule. Other
repetitive elements, including satDNAs and unclassified repetitive sequences, accounted for
15% in M. elongatus, 16% in L. friderici, and 17% in M. macrocephalus (Figure 1a, Online
Resource 1) and added to their total amount of repetitive DNA content.

3.2 Interspecies TE dynamics and expansion events

After characterizing the TE composition of the three analyzed species, our subsequent
focus was on understanding how these sequences expanded within these genomes, and whether
their dynamics also exhibit similarities, akin to their diversity. We determined the putative
insertion time (MYA) and transposition events for the two main classes of TEs, DNA
transposons and retrotransposons (Figure 2), in M. elongatus, M. macrocephalus and L.
friderici. By converting K2P divergence values to MYA, we applied neutral mutation rates for
transposon sequences overall (Li et al., 2019; Schemberger et al., 2019). Transposition events
preceding 25 MY A could not be recovered, likely due to copy loss, degeneration or limitations

in our time estimation analysis.

The violin plot (Figure 2) suggests that TE expansion overall was predominantly recent,
starting mainly around 15 MY A. Both Megaleporinus species and L. friderici exhibit a trend of
recent transposition for both DNA transposons (Figure 2a) and retrotransposons (Figure 2b).
M. macrocephalus, shows a significant increase in retrotransposons compared to the other
species (indicated darker purple dot a the base of the plot on Figure 2b), possibly due to the
prevalence of DIRS and LTR Gypsy in its genome (Figure 1c). Overall, all three species have

undergone recent transposition events involving mainly young TE families.
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Fig. 2 Violin plots illustrating the estimated insertion time (MY A) for the main TE classes,
(a) DNA transposons and (b) retrotransposons, in the examined species. Colored dots
represent different distributions of concatenated abundance values of all elements for each
Class of TE, along an ascending gradient (darker colored points indicate higher abundance
values for that TE type). For reference, the dotted line depicts the predicted emergence of
the heteromorphic sex chromosomes in Megaleporinus elongatus and Megaleporinus
macrocephalus, given the phylogeny from Ramirez et al. (2017D).

We also evaluated this dynamism by analyzing Kimura-2-Parameter (K2P) divergence
landscape graphs for both TE classes (Figure 3). The landscape topology shows an increase in
TE copies within the genomes primarily through new insertions, reflecting recent transposition
similar to Figure 2. Low divergence values across the landscapes (found on the leftmost side of

the graph) indicate an recent expansion phase for all three species (Figure 3, Online Resources
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2-4), with most copies exhibiting a K2P-value of <10, some at K-values 10-20, and gradually

decreasing in abundance as divergence exceeds k = 20 (Figure 3).
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Fig. 3 K2P divergence analysis of species-specific TE elements from Megaleporinus elongatus
(a, b), Megaleporinus macrocephalus (c, d), and Leporinus friderici (e, f). The phylogenetic
relationships on the left are based on Ramirez et al. (2017a). The graphs on the right depict the
landscape plots obtained by divergence analysis (x-axis) in relation to the genome proportion
for each element type (y-axis) for the three studied species, separated by TE class, DNA
transposons (a, ¢, e) and retrotransposons (b, d, f). It is worth noting that not all y-axis scales
(genome proportion) are the same, especially for retrotransposons, which are smaller. The
copies depicted on the left side of the graphs show minimal divergence from the consensus
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sequences, indicating recent insertions. In contrast, the right side of the landscape plots depicts
older clustering events at higher K2P values.

Despite overall recent activity as a whole, there are contrasting expansion patterns

between the genera for the two main TE classes.

Firstly, DNA transposon invasions mainly involved hATs, TcMariners, and unclassified
DNA transposons (referred to as DNA/DNA) for all three species (Figures 3a, ¢, €). Notable
distinctions include a continuous and abundant hAT transposition event in M. elongatus,
spanning from k-values 0 to 15, but with ongoing decline in activity, which was also
experienced by M. macrocephalus. Conversely, L. friderici exhibits a recent and sudden

increase in active DNA TEs.

As for retrotransposons, an opposite trend was observed. Both Megaleporinus had two
major retrotransposon invasion phases (Figures 3b, d, f), with recent activity of L2, Rex, Gypsy,
and tRNA elements. Additional expansion of 5s and Penelope can also be seen in M. elongatus,
and prominent LTRs were recently active in M. macrocephalus. In contrast, L. friderici showed
overall lower retrotransposon abundance and no notable peaks in recent events (<5 MYA)
(Figure 3f).

Considering these contrasting dynamics, we highlighted the most widespread TE
elements in all three species, with individual line plots for each TE (Figure 4). It is worth noting
that no superfamily appeared to have reached a plateau during accumulation, indicating ongoing

fluctuations in activity for both genera (Figure 4).

For DNA transposons (Figure 4a, 4b), TcMariners (Figure 4a) initially displayed a
consistent and gradual accumulation across all three species, followed by a recent and sudden
plummet for Megaleporinus (<SMYA). This contrasts with the steady increase in L. friderici,
peaking in very recent activity (<5 MYA) (Figure 4a). Regarding hATs (Figures 4b), both
Megaleporinus species show an unusual pattern of insertions between 5 and 10 MYA. M.
elongatus displays numerous high peaks starting at 10 MY A, with several accumulation events
followed by sudden declines. M. macrocephalus shows a similar pattern, but with a less
expressive increase in abundance at each event. Despite this initial expansion history, both
Megaleporinus species experienced an ongoing decline in recent hAT activity, mirroring the
pattern observed for TcMariner. In contrast, once again, L. friderici had an expressive and very

recent expansion for hATSs, starting at 5 MYA, after low accumulation at older events.



55

(@) DNA/TcMariner ; uung) DNA/hAT Species

L. friderici
M. elongatus
s M. macrocephalus

0.003 0.0020

0.0015
0.002

0.0010

001
0.00 0.0005

0.000 0.0000
0 5 10 15 20 25 0 5 10 15 20 25
X (C) LINE/L2 (d) LINE/Rex
c 0.0020
R
E 4e-04 0.0015
&
[ .
o 0.0010
(i) 2e-04
e 0.0005
(@]
c
®© 0e+00 0.0000
O 0 5 10 15 20 25 0 5 10 15 20 25
(e) LTR/Gypsy (f) LTR/DIRS
0.009
0.010
0.006
0.005
0.003
0.000 0.000
0 5 10 15 20 25 0 5 10 15 20 25
MYA

Fig. 4 Line color-coded graphs depicting the activity and temporal accumulation of the most
enriched TE elements in female Megaleporinus elongatus, female Megaleporinus
macrocephalus, and Leporinus friderici (a,b) DNA transposons and (c-f) retrotransposons. The
x-axis represents time in millions of years (MYA) as established through divergence analysis,
and the y-axis indicates the corresponding genomic proportion of TE copies for each species.
Note the differences in abundance (%) for each element. The copies clustering on the leftmost
side indicate possible recent insertion events.

As for retrotransposons, the earlier invasion phases primarily involved L2 copies
(Figure 4c). Overall, transposition rates were similar among species until <5 MYA, at which
point a considerably higher activity was observed in M. macrocephalus and M. elongatus;
compared to the decline in L. friderici, with modest and scattered proliferation for most of the

predominant retrotransposons.

The other prevalent retrotransposons (Rex, Gypsy, and DIRS) (Figure 4d, 4e, 4f)
exhibited the most significant activity in M. macrocephalus in very recent timeframes. M.
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elongatus also experienced ongoing Rex expansion (1-5 MYA), although with fewer
cumulative events than its congeneric counterpart (Figure 4d). Gypsy and DIRS in particular

showed substantial accumulation only in M. macrocephalus (Figure 4e, 4f).

4. Discussion

Mobile elements play a crucial role in shaping fish genomes (Carducci et al., 2020),
although the extent of their evolution and impact in the group remains unclear (Shao et al.,
2019; Carotti et al., 2021). Here, we investigated transposons in fish with diverse sex
chromosome systems, focusing on TE composition, expansion features and possible differences
among species.

Megaleporinus and Leporinus, though geographically distant genera, separated recently
(in the last few million years), and M. elongatus and M. macrocephalus shared a last common
ancestor around 12 MYA (Ramirez et al., 2017a). The evolutionary link between these two
genera is reflected in the overall similarities of their TE diversity uncovered in the present work,
another indication that closely related species are more likely to have a comparable mobilome
composition (Shao et al., 2019; Carotti et al., 2021).

Unannotated TEs were also found in all analyzed genomes, which may represent
incomplete sequences or lineage-specific components not detected by existing methods. Their
fragmented nature likely results from not being recovered as complete units, and the failure to
annotate these sequences may also be attributed to the conservative approach commonly used
in manual curation (Bell et al., 2022) and the limitations of de novo methods processes as of
date.

While there were no explicit differences in repetitive content across species, both
Megaleporinus showed slightly higher TE abundance than L. friderici (19-21% for the former
against 16% for the latter). This could be attributed to the high heterochromatic content of their
sex chromosomes, known to abundantly accumulate repetitive DNA (Parise-Maltempi et al.,
2013; Chalopin et al., 2015b; Wright et al., 2016).

TcMariners and hATs were the predominant TEs overall, followed by the LINEs L2
and Rex, and these four superfamilies are actively mobilized across multiple fish genomes
(Valente et al., 2010; Ellegren, 2011; Carducci et al., 2018; Chen et al., 2018; Yuan et al., 2018;
Shao et al., 2019). Their rapid expansion and widespread distribution over other young, low-

copy TEs (Figures 1b, c), possibly indicate their evolutionary success in proliferation and
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potential impact on genome structure (Belyayev, 2014; Coan and Martins, 2018; Shao et al.,
2019; Srikulnath et al., 2022).

All three species experienced recent transposon expansion waves, a regular occurrence
in fish genomes (Chalopin et al., 2015b; Schemberger et al., 2019; Shao et al., 2019). However,
their patterns of copy accumulation of these shared TE superfamilies have species-specific
dynamics as they have expanded differently among Megaleporinus and Leporinus, a feature
that could alter specific genomic patterns as species diverge (Renaut and Bernatchez, 2011;
Rogers et al., 2018; Serrato-Capuchina and Matute, 2018; Meérot et al., 2020).

Despite the similar occurrence of young families in all three species, a contrasting
pattern of TE invasions can be seen between the analyzed genera. Both Megaleporinus show a
reduction in DNA TE activity alongside very recent active retrotransposons; contrasting with
L. friderici, with exhibits few active retrotransposons and higher DNA TE activity. Considering
this discrepancy between genera with different sex chromosome systems, these dynamics in
active TE in Megaleporinus could have implications in their highly heterochromatic sex
chromosomes and warrant further investigation.

The dynamics of Rex elements, for example, have shown increased expansion in both
M. elongatus and M. macrocephalus in recent years, differing from the much tamer
accumulation in L. friderici. Interestingly, this family is known to be involved in sex
chromosome differentiation (Yano et al., 2016b; Carducci et al., 2019; Carducci et al., 2020),
and analyzed Rex sequences formed distinct clusters in the W chromosomes of Megaleporinus
(Splendore De Borba et al., 2013; Dulz et al., 2019).

As for hATs, there are similarities of small fragments with a satDNA found in M.
elongatus (MelSat01-36) (Crepaldi and Parise-Maltempi, 2020) and its identical counterpart
(MmaSat06-36) in M. macrocephalus (Utsunomia et al., 2019). These satDNAs were highly
clustered in the heteromorphic sex chromosomes, albeit in different patterns between
Megaleporinus, while there was no positive physical mapping in L. friderici. Because satDNAs
can derive from mobile elements, sequence similarities frequently indicate an interaction
between these repetitive groups (Mestrovi¢ et al., 2015; Carducci et al., 2019; Paco et al., 2019).
Further exploration of this interaction might yield additional details about their expansion
within the group, and more specifically on the sex chromosomes.

The sex chromosomes (W in M. macrocephalus and W1 M. elongatus) share a common
origin (Marreta et al., 2012) and likely inherited transposon sequences from an ancestral
species. Both species showed variations in TE dynamics as well, particularly the unusual hAT

expansion in M. elongatus and the highly active retrotransposons (mainly DIRS and Gypsy) in
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M. macrocephalus. Along with several other repetitive elements that have species-specific
expansion (Splendore De Borba et al., 2013; Poltronieri et al., 2014; Dulz et al., 2019;
Utsunomia et al., 2019; Crepaldi and Parise-Maltempi, 2020; Crepaldi et al., 2021), these
differing TE patterns reinforced this overall sequence dynamism in the group.

In summary, our study highlights that variations in transposition histories resulted in
different mobilome dynamics between two genera with startlingly different sex chromosomes
Megaleporinus and its sister genus, Leporinus, despite their similar composition and TE
diversity. These changes likely occurred over relatively short evolutionary timeframes and
might have contributed to the structural genomic variations in their distinct sex chromosome
systems. More investigation is necessary to establish the time correlation between TE insertions
and sex chromosome emergence, focusing on using specific mutation rates for each species,
given the limitations of our current estimates. Chromosome-level assemblies and identification
of TE insertion sites could also further highlight their correlation with sex chromosome
composition.

Future research could also explore beyond short-read data, utilizing genome assemblies
when available, as well as TE libraries at even higher resolution, with focus on specific TE
families and their discrepancies between species. Additionally, physical mapping and co-
localization assays with satDNAs, as noted before, could shed light on further composition
details in sex chromosomes. These approaches, along with TE libraries of other Megaleporinus
and Leporinus species, could provide deeper insights into the mechanisms driving TE evolution

and their accumulation history within the group.
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4. CONSIDERACOES FINAIS

A presente tese relne dados relacionados a composicdo repetitiva gendmica entre
espécies de peixes proximas com sistemas de cromossomos sexuais distintos no intuito de
investigar a influéncia desta porcéo repetitiva e sua dindmica na formagéo dos cromossomos
sexuais entre estas espécies. Os dados geraram dois manuscritos que fornecem informacdes
sobre a composicao repetitiva e a evolucdo gendmica em espécies destes peixes neotropicais.
Os resultados aqui apresentados evidenciam a riqueza e a diversidade de DNAS repetitivos em
Megaleporinus e Leporinus, destacando seu acimulo recente nos genomas das trés espécies
estudadas. Apesar de Megaleporinus compartilharem satDNAs e Megaleporinus e Leporinus
apresentarem mobilomas com diversidade de familias semelhantes, os conteidos repetitivos
exibem dindmicas especificas para cada espécie, especialmente em relacdo as familias mais
abundantes. A variabilidade na abundancia, com acimulo diferenciado em cromossomos
sexuais (no caso de satDNAs — CAPITULO 1) e eventos de insercdo especificos (para TEs —
CAPITULDO I1), evidenciam a organizacéo altamente pléstica destas sequéncias, desenvolvendo

caminhos evolutivos independentes apesar da proximidade filogenética entre as espécies.

No contexto especifico do cromossomo sexual heteromérfico de M. elongatus
(CAPITULO 1), a prevaléncia de apenas algumas familias especificas e altamente abundantes
na fémea se mostrou um dos principais impulsionadores do acimulo no cromossomo sexual
heterocromatico. Contrariando nossas expectativas, a fémea ndo apresentou a maior diversidade
de familias de satDNAs entre os sexos; pelo contrario, 0 macho também exibiu familias de
satDNA enviesadas para seu sexo. Porém, com cOpias muito raras e pouco acumuladas no
genoma, 0s satDNA do macho ndo se mostraram altamente acumulados como visto na fémea.
Com isso, 0s principais contribuintes para a alta abundancia de satDNASs no cromossomo sexual
W: e possivelmente sua diferenciacdo foram a amplificacéo e a homogeneizagdo das familias
mais abundantes da fémea, promovendo a formacdo de grandes arranjos ao longo do

cromossomo sexual heteromérfico.

Quanto ao contelido de elementos transponiveis (CAPITULO II), constatamos que a
ocorréncia e diversidade de TEs entre as espécies de Megaleporinus, com cromossomos sexuais
heteromorficos, e L. friderici sdo relativamente semelhantes. S&o apenas alguns casos
especificos de maior incidéncia de familias em Megaleporinus, no geral, as familias de TEs
mais abundantes em seus genomas. As familias mais prevalentes, como os transposons de DNA

hAT e Tc-Mariners apresentaram dindmicas especie-especificas de insercdo e acimulo nas
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espécies, com diferencas inclusive entre as duas espécies de Megaleporinus, e retrotransposons
do tipo LTR se mostraram em abundancia especificamente em M. macrocephalus. Assim,
semelhante ao que constatamos para satDNAs, as maiores diferengas estdo na dinamica de
acumulo de determinadas familias, e ndo necessariamente na diversidade de TEs encontrada

para cada espécie.

As informacOes aqui geradas, em conjunto com estudos de genémica de outros
vertebrados na literatura e aqueles desenvolvidos em tandem a esta tese, reiteram peculiaridades
sobre elementos repetitivos em peixes, especialmente sua variabilidade e impacto na dinamica

de um genoma, além do suporte para a diferenciacdo de cromossomos sexuais heteromorficos.

Esforcos futuros podem ser direcionados em incluir mais espécies de Megaleporinus e
Leporinus expandindo o uso de dados gendmicos, a fim de (a) tracar um histérico evolutivo
destas sequéncias para melhor compreender mecanismos evolutivos como a hipotese de
biblioteca de satDNAs; (b) integrar informag6es moleculares com dados de localizacéo
cromossémica também para transposons, em especial com foco nos mais proeminentes em
fémeas com cromossomos sexuais heteromorficos; (c) buscar marcadores genéticos de
determinacdo do sexo por meio de outras técnicas, como 0 uso de sequenciamento RadSeq
(Restriction site associated DNA sequencing), ja atualmente utilizado para busca de marcadores

sexuais em espécies ndo-modelo especialmente de peixes e anfibios.
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S. OUTROS TRABALHOS DESENVOLVIDOS DURANTE O DOUTORADO

Em conjunto aos capitulos desenvolvidos nesta tese, outros trabalhos e artigos
cientificos da doutoranda durante este periodo tambem focaram em evolugdo e composi¢édo
gendmica, evolugédo de elementos repetitivos e suas dindmicas em vertebrados. Estes renderam
artigos em fase de finalizacdo e submissao a periodicos cientificos tanto com primeira autoria

quanto co-autoria.

5.1 Primeira autoria:

1) Manuscrito submetido para Zoological Journal of the Linnean Society (ISSN 1096-3642)
(ID Z0J-01-2024-5693).

“Repetitive DNA genomic analysis of Leptodactylus pentadactylus (Amphibia, Anura)
reveals low differentiation between sexes and possible incipient evolution of multiple sex

chromosomes”

Carolina Crepaldi, Marcelo Jodo da Silva, Thiago Gazoni, Célio Fernando Baptista Haddad, Diogo

Cavalcanti Cabral-de-Mello, Patricia Pasquali Parise-Maltempi

2) Manuscrito em fase de finalizacdo para publicacdo sobre comparacao entre mobilomas de
macho e fémea de Megaleporinus elongatus, € a relacao entre transposons e 0s satDNAs mais

prevalentes no cromossomo heteromorfico sexual da espécie.

3) Manuscrito em fase de finaliza¢do para publicacdo sobre a curadoria e analise do satelitoma
da espécie Leporinus friderici, com investigacdo da hipotese da biblioteca entre esta e espécies

proximas.

5.2 Co-autoria:

1) Manuscrito submetido para Cytogenetic and Genome Research (ISSN 1424-859X)



63

“Revealing the satellite DNA content in Ancistrus sp. (Siluriformes: Loricariidae) by

genomic and bioinformatic analysis”

Gabriel Esbrisse dos Santos, Carolina Crepaldi, Marcelo Jodo da Silva, Patricia Pasquali Parise-

Maltempi

2) Dois manuscritos em fase de elaboracao por Murilo Durigon, aluno de Iniciacdo Cientifica
do laboratério, com satelitomas e andlises sobre a hipo6tese da biblioteca de satDNAs nas

espécies de sapo Thoropa miliaris, Leptodactylus pentadactylus e Procerathrophrys boiei.
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